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The i n i t i a l  depos i t  ma te r i a l  on coal .  f i r e d  b o i l e r  tubes  
c o n s i s t  l a r g e l y  of s i l i c a t e ,  su lpha te  and iron oxide p a r t i c l e s .  The 
fused s i l i c a t e s  and molten su lpha tes  form immiscible phases a t  h igh  
temperatures f i r s t  on the  micro-scale in i nd iv idua l  p a r t i c l e s  and 
subsequently a s  s epa ra t e  l a y e r s  in the depos i t .  The adhesion of a s h  
depos i t  c o n s t i t u e n t s  t o  b o i l e r  tubes starts with the  smal l  p a r t i c l e  
r e t e n t i o n  a s  a r e s u l t  of the  van der  Waals, e l e c t r o s t a t i c  and l i q u i d  
f i lm  su r face  t ens ion  fo rces .  
between the oxidized metal  surface and iron sa tu ra t ed  l a y e r  of a sh  
depos i t .  

Subsequently a s t rong  bond w i l l  develop 

The pulver ized  coa l  f i r e d  b o i l e r s  a t  e l e c t r i c i t y  u t i l i t y  power s t a t i o n s  
a r e  designed f o r  "dry" ash  opera t ion  where the  bulk  of minera l  mat te r  res idue  is 
removed in t h e  e l e c t r i c a l  p r e c i p i t a t o r s  in the  form of p a r t i c u l a t e  ash .  However, 
i t  is i n e v i t a b l e  t h a t  some depos i t s  of s i n t e r e d  a sh  and semi-fused s l a g  form on 
the  heat exchange tubes  and between 20 and 30 per cent  of coa l  a sh  is discharged 
from the combustion chamber a s  c l i n k e r .  
b o i l e r s  a r e  designed f o r  "wet" a sh  opera t ion  and up t o  80 per cen t  of coa l  a sh  is 
discharged from the  furnace  a s  molten s lag .  

The h igh  temperature cyclone f i r e d  

The build-up of s i n t e r e d  a sh  and fused s l ag  depos i t s  depends c h i e f l y  on 
t h e  r a t e  of a s h  p a r t i c l e  impaction and the  adhesive c h a r a c t e r i s t i c s  of the  
c o l l e c t i n g  su r face .  The i n i t i a l  depos i t  on the  hea t  exchange tubes in pulver ized  
c o a l  f i r e d  b o i l e r s  c o n s i s t s  of a sh  p a r t i c l e s  of diameter ranging from l e s s  than 
0.1 pm t o  100 pm. Subsequently the depos i ted  a sh  may be  re-entrained in the  f l u e  
gas  or it may form f i r s t  a s in t e red  mat r ix  and l a t e r  a fused s l a g  depos i t  c h i e f l y  
by  viscous flow. 
a t  the c o l l e c t i n g  su r face  and subsequently the  depos i t  mat r ix  bonded t o  the 
b o i l e r  tubes  by  adhes ive  fo rces  s u f f i c i e n t l y  s t rong  t o  overcome the  g r a v i t a t i o n a l  
p u l l ,  b o i l e r  v i b r a t i o n  and even tua l ly  the  sootblower je t  impaction. This  work 
sets out t o  examine t h e  adhesive c h a r a c t e r i s t i c s  of d i f f e r e n t  c o n s t i t u e n t s  of t he  
flame heated a sh  and the  formation of s in t e red  depos i t s  and s l a g  bonded t o  the  
h e a t  exchange tubes.  

INITIAL DEPOSIT CONSTITUENTS 

For the  depos i t  formation the  a sh  p a r t i c l e s  must be f i r s t  hdld 

The mineral  mat te r  in coa l  c o n s i s t s  c h i e f l y  of s i l i c a t e ,  su lphide ,  
carbonate spec ie s ,  and ch lo r ides  and organo-metal compounds a s soc ia t ed  with the 
f u e l  substance (1,Z). 
completely,  in t he  pulver ized  coa l  flame ( 3 ) ,  and thus  the  s i l i c a t e  a sh  f r a c t i o n  
of the i n i t i a l  depos i t  c o n s i s t s  of p a r t i c l e s  of v a r i a b l e  amounts of a g l a s sy  
phase and c r y s t a l l i n e  spec ie s  ( 4 ) .  

The s i l i c a t e  mineral  p a r t i c l e s  v i t r i f y  p a r t i a l l y  or 

The su lph ide ,  carbonate ,  ch lor ide  and o rgano lne ta l  spec ie s  d i s s o c i a t e  
The oxides may remain a s  d i s c r e t e  p a r t i c l e s ,  c h i e f l y  and oxidize in t he  flame. 

iron oxide (magnet i te ) ,  can d i s so lve  in the  g l a s sy  phase of s i l i c a t e s ,  and a 
f r a c t i o n  of calcium and sodium oxides a r e  sulphated (5) .  Thus t h e  i n i t i a l  
depos i t  ma te r i a l  w i l l  conta in  some calcium, sodium and potassium su lpha te .  
l a t t e r  o r i g i n a t e s  from the  r e l ease  of potassium in the  flame heated alumino- 
s i l i c a t e  p a r t i c l e s  (6).  

The 
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The r e l a t i v e  concent ra t ions  of flame hea ted  a sh  c o n s t i t u e n t s ,  namely 
s i l i c a t e s ,  i r o n  oxide and su lpha te  can be es t imated  from the  a sh  a n a l y s i s .  
However, the composition of the i n i t i a l  depos i t  m a t e r i a l  can be  markedly 
d i f f e r e n t  a s  a r e s u l t  of s e l e c t i v e  depos i t i on .  I n  p a r t i c u l a r ,  t he  depos i t  
ma te r i a l  can be enriched i n  su lpha te  as shown in Fig. 1. The r e l a t i v e  
concent ra t ions  of d i f f e r e n t  depos i t  cons t i t uen t s  were obtained by ana lys ing  the  
ma te r i a l  on a cooled meta l  tube probe in se r t ed  i n  b o i l e r  f l u e  gas f o r  s h o r t ,  2 t o  
15 minute dura t ion  (7). The su lpha te  conten t  of the f l u e  gas borne a s h  and probe 
depos i t s  i n  a cyclone f i r e d  b o i l e r  w a s  h igher  than t h a t  in t he  pulver ized  coa l  
f i r e d  b o i l e r  ash  and depos i t s .  
s i l i c a t e  ash  i s  discharged a s  molten s l a g  b u t  t he  r e s i d u a l  a sh  is r e l a t i v e l y  r i c h  
in su lpha te .  

This was because in cyclone b o i l e r s  t he  bulk  of 

The r a t e  of a l k a l i - m e t a l  su lpha te  depos i t i on  w i l l  decrease  when the  
temperature of c o l l e c t i n g  t a r g e t  sur face  exceeds 1075 K a s  shown i n  Fig.  2. The 
decrease in the  depos i t i on  of a l k a l i - m e t a l  su lpha te s  is r e l a t e d  t o  t h e  
concent ra t ion  of the  v o l a t i l e  a l k a l i - m e t a l s  i n  t h e  f l u e  gas  and the  s a t u r a t i o n  
vapour pressure  of sodium and potassium su lpha te s  (8).  The i n i t i a l  depos i t  on 
cooled su r faces  conta ins  a small  amount of ch lo r ide  as shown in Fig .  2. 

I n  a reducing atmosphere the  depos i t  ma te r i a l  may conta in  i r o n  su lphide  
(FeS) formed on d i s s o c i a t i o n  of coa l  p y r i t e  mineral .  This i s  l i k e l y  t o  occur on 
t h e  combustion chamber wal l  tubes near the  bu rne r s  where the  r e a c t i o n  time is 
s h o r t ,  below one second, f o r  ox ida t ion  of FeS r e s idue  t o  the  oxide.  It has  been 
suggested t h a t  calcium su lphide  (Cas) may a l s o  b e  present  i n  t h e  a sh  ma te r i a l  
depos i ted  from a reducing atmosphere gas stream as a r e s u l t  of su lph ida t ion  of 
calcium oxide ( 9 ) .  

THERMAL STABILITY OF SULPHATES AND IMMISCIBILITY WITH SILICATES 

Bituminous coa l s  u sua l ly  leave a h igh ly  s i l i c i o u s  a s h  on combustion. 
That is, fused a lumino-s i l ica tes  c o n s t i t u t e  a n  a c i d i c  media a t  high temperatures 
t h a t  i s  capable of absorbing l a r g e  q u a n t i t i e s  of b a s i c  meta ls  i n  the  form of 
oxides ,  c h i e f l y  those of sodium, calcium and magnesium. A t  lower temperatures 
the  corresponding su lpha tes  a r e  thermodynamically more s t a b l e  in the  presence of 
sulphur gases.  The equi l ibr ium d i s t r i b u t i o n  of a l k a l i n e  oxides  between molten 
su lpha te s  and fused s i l i c a t e s  a t  d i f f e r e n t  temperatures can be ca l cu la t ed  from 
the  appropr ia te  thermodynamic da ta .  However, t h e  res idence  t i m e  of t he  flame 
borne mineral  spec ie s  before  depos i t ion  i s  shor t  and the  a l k a l i - m e t a l  
d i s t r i b u t i o n  does not reach the  equi l ibr ium s t a t e .  

The fused s i l i c a t e  p a r t i c l e s  w i l l  absorb the  flame v o l a t i l i z e d  sodium 
t o  the  depth of about 0.05 pm (10). and t h e  remainder is converted t o  su lpha te  
p a r t l y  i n  the  f l u e  gas  and p a r t l y  a t  the sur face  of a sh  p a r t i c l e s .  The 
d i s t r i b u t i o n  of sodium in the  s i l i c a t e  and su lpha te  phases can be  expressed  i n  a 
form: 

where msil + msul = m 

... 1) 

... 2) 

msul and m denote the  amount of sodium i n  s i l i c a t e  and su lpha te  f r a c t i o n s ,  
::j1;he t o t a l  so8ium i n  a s h  r e spec t ive ly ;  k is a cons tan t  and w i s  the  a sh  
conten t  of coa l .  When the  sodium t o  ash  r a t i o  is below 1 t o  100 the  bu lk  of 
sodium is  captured by the s i l i c a t e  p a r t i c l e s  and equat ion  2 reduces to :  
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... 3 )  m s i 1  = mo 

and consequently the  amount of sodium a v a i l a b l e  f o r  the  formation of su lpha te  is 
s m a l l .  

The molten sodium sulphate/sodium s i l i c a t e  system of composition 
Na2S0,/Na20-Si02 has  one l i q u i d  phase a t  1475 K, b u t  a s  t he  propor t ion  of s i l i c a  
inc reases ,  the  melt  s e p a r a t e s  i n t o  two l a y e r s  (11,lZ).  The change from the  
misc ib le  t o  immiscible phase of the  system hss been explained by a l t e r a t i o n s  in 
t h e  s i l i c a t e  s t r u c t u r e  a s  the  r a t i o  of Na20 t o  S i 0 2  decreases.  I n  more b a s i c ,  
less v iscous  melts, t h e  s i l i c a t e  ions e x i s t  in the  form of ~ 0 , ~ -  t e t rahedrons  
which have the  same mob i l i t y  a s  su lpha te  ions, and thus homogeneity of  t he  system 
is t o  be  expected. As the  s i l i c a  content is increased  the  complexity of the  
s i l i c a t e  s t r u c t u r e  reaches  a po in t  where t h e  s i l i c a  an ions  become r e l a t i v e l y  
immobile f o r  a sepa ra t ion  of su lpha te  from s i l i c a  to  take  place.  

The m i s c i b i l i t y  of the  corresponding potassium su lpha te - s i l i ca t e  system 
has  been s tud ied  by  t h e  usua l  c ruc ib l e  method as w e l l  as by a technique of a 
hanging d rop le t  (13). The d r o p l e t s  of potassium s u l p h a t e / s i l i c a t e  mixtures ,  3 mm 
i n  diameter,  were suspended from 0.5 mm platinum wire which had a semi-spherical  
head 1.5 mm in diameter .  Separa t ion  of t he  s i l i c a t e  ( i n t e r n a l )  and su lpha te  
phases in the  d r o p l e t s  can be observed d i r e c t l y  in the  L e i t z  hea t ing  microscope 
which is used, in i t s  convent iona l  mode of opera t ion ,  t o  a s ses s  t h e  fus ion  
c h a r a c t e r i s t i c s  of c o a l  a shes  (14) .  Fig.  3 shows the two phase sepa ra t ion  of 
2K S04-K20-2.1Si02 system a t  1575 K where the  ou t s ide  envelope is the t ransparent  
su lpha te  phase through which the  platinum w i r e  hea t s  ( top )  and a globule of 
molten s i l i c a t e  (bottom) can be  seen. As the temperature was increased  t o  1725 K 
t h e  two phases became misc ib l e  because of the  increased  s o l u b i l i t y  of su lpha te  in 
t he  s i l i c a t e  melt  a t  t h e  h igher  temperature.  

t h e  system is misclfble a t  1375 K when the molar r a t i o  of K20 t o  S i O q  is above 
0.5. As in the  corresponding sodium sulphate/sodium s i l i c a t e  system, l e s s  b a s i c  
m e l t s  s epa ra t e  i n t o  two immiscible l i q u i d s .  This  is t he  case wi th  most coa l  ash  
s l a g s  where the  molar r a t i o  of b a s i c  oxides  (sum of  Na 0, K20, CaO and MgO) t o  
SiOz is w e l l  below 0.5. Exceptions t o  t h i s  a r e  the  sohum and calcium r i c h  ashes 
of some l i g n i t e  and non-bituminous c o a l s ,  which can  have s u f f i c i e n t  amounts of 
a l k a l i s  t o  form a s i n g l e  phase m e l t  of misc ib le  su lpha te s  and s i l i c a t e s  a t  high 
temperature 8 .  

The K SO -K20-Si0 phase diagram is depic ted  i n  Fig. 4 which shows t h a t  

ADHESION BY VAN DER WAALS AND ELECTROSTATIC FORCES 

The ash  p a r t i c l e s  depos i ted  on b o i l e r  tubes a r e  i n i t i a l l y  held in place 
b y  sur face  fo rces ,  i.e. van de r  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  forces .  
Van der Waals fo rces  become important when molecules o r  s o l i d  su r faces  a r e  
brought c lose  toge ther  without a chemical i n t e r a c t i o n  tak ing  p lace .  For a 
hemispherical  p a r t i c l e  of r a d i u s  ( r )  he ld  at a d i s t ance  of nea res t  approach (h)  
from a p lane ,  the  r e s u l t a n t  f o r c e s  (F) is given  by: 

Ar 
6 h2 

F = -  ... 4) 

where A i s  the Hamaker cons tan t  (15) .  

Equation 4 a p p l i e s  over s h o r t  d i s t a n c e s ,  up t o  150 A (1.5 x m) and 
f o r  longer d i s t ances  t h e  " re ta rded"  van d e r  Waals fo rces  decay r a p i d l y  (16). An 
equat ion  based on the d i e l e c t r i c  p r o p e r t i e s  of s o l i d s  f o r  the r e t a rded  
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van der Waals fo rces  (F ' )  between a sphere of r ad ius  ( r )  a t  the  d i s t a n c e  (h)  from 
a f l a t  sur face  is (17): 

... 5 )  

where B is the  appropr i a t e  cons tan t  f o r  the given ma te r i a l .  

The changeover from the  unretarded t o  re ta rded  van de r  Waals fo rces  
occurs a t  a d i s t ance  of about 150 A (1.5 x m ) ,  and the  corresponding value 
of the Hamaker cons tan t  (A)  i n  equat ion  4 was found to  be N (Newton). and 
t h a t  of the L i f s h i t z  cons tan t  (B) i n  equat ion  5 was 8.9 x N m (16,18).  
These va lues  have been used to  compute the  r a t i o  of van der Waals f o r c e s  t o  the  
g r a v i t a t i o n a l  force  on small  a sh  p a r t i c l e s  approaching a f l a t  su r f ace .  

The g r a v i t a t i o n a l  force  (Fg) on an a sh  p a r t i c l e  of r ad ius  ( r )  and the 
dens i ty  (D) i s  given by: 

... 6 )  

where g is  the  g r a v i t y  acce le ra t ion  cons tan t  (9.81 m a-2). 
(Fr )  of the sho r t  d i s t ance  van der Waals fo rces  (F) t o  the g r a v i t a t i o n a l  force  
(Fg) on a p a r t i c l e  is: 

Thus, the  r a t i o  

... 7 )  

where the  value of D f o r  ash  was taken t o  be  2500 kg m-3 and when 
h < 1.5 x m. The corresponding r a t i o  (F r ' )  of the  re ta rded  van de r  Waals 
fo rces  ( F ' )  t o  t he  g r a v i t a t i o n a l  force  is given by: 

where 

on small  
i nd ica t e  

_ =  F' 2B 8.15 
F g F r ' = - =  Dgr2h3 r2h3 

h > 1.5 x m. 

... 8) 

Fig. 5 shows a comparison of van der Waals and the  g r a v i t a t i o n a l  fo rces  
ash p a r t i c l e s  as these  approach a c o l l e c t i n g  sur face .  P l o t s  A and B 
t h a t  the  sub-micron s i zed  p a r t i c l e s  a r e  r e a d i l y  held on a su r face  by 

van der Waals fo rces .  The capture  of small p a r t i c l e s  of a sh  on b o i l e r  tubes  is 
fu r the r  enhanced by  sur face  i r r e g u l a r i t i e s  of oxidized metal  (19) .  Also, i t  has  
been suggested t h a t  an  e l e c t r o s t a t i c  a t t r a c t i o n  force  enhance the t r a n s p o r t  and 
r e t e n t i o n  of sub-micron s ized  p a r t i c l e s  on s t e e l  probes in se r t ed  in t he  f l u e  gas  
of coa l  f i r e d  b o i l e r s  (7,20). 
ash  can have a cohesive s t r eng th  between 5 and 40 times h igher  than  t h a t  formed 
by  sedimentation because p a r t i c l e s  in an e l e c t r i c  f i e l d  have permanent d ipo le  
characteristics which lead  t o  these  be ing  o r i en ta t ed  t o  form a cohes ive  l a y e r  of 
a s h  (21) .  
e l e c t r o s t a t i c  fo rces  of a t t r a c t i o n ,  and sur face  i r r e g u l a r i t i e s  a r e  s u f f i c i e n t  t o  
hold the  sub-micron diameter p a r t i c l e s  on the  sur face  of b o i l e r  t ubes  f o r  the  
subsequent l i q u i d  phase adhesion, and chemical and mechanical bond formation. 

A l a y e r  of e l e c t r i c a l l y  p r e c i p i t a t e d  d e p o s i t  of 

It appears t he re fo re  t h a t  the  combined e f f e c t s  of van de r  Waals and 
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ADHESION BY SURFACE TENSION FORCE 

The format ion  of s t rong  adhesive bonds of enamel coa t ings  and 
g lasa /meta l  s e a l s  on hea t ing  r equ i r e s  the  presence of a l i q u i d  phase ( 2 2 , 2 3 , 2 4 ) .  
The ro l e  of the l i q u i d  f i l m  is t o  provide the i n i t i a l  adhesion of s o l i d  p a r t i c l e s  
a s  a r e s u l t  of su r f ace  tens ion .  The work of adhesion (W,) is given by: 

W, = 1T + ( 1  + COS e) ... 9 )  

where y is the  su r face  tens ion  of the  l i q u i d ,  and 8 is t he  con tac t  angle a t  t h e  
s o l i d l l i q u i d  i n t e r f a c e .  
t he  h ighes t  value: 

With p e r f e c t  wet t ing ,  i .e. when e equa l s  zero ,  Wa has 

wa = 1T + 2y ... 10)  

The work of cohesion of a l i q u i d  (W,) is given by: 

wc - 2 Y  ... 11) 
With wet t ing  l i q u i d s ,  t he re fo re ,  Wa can b e  h igher  than Wc and f a i l u r e  w i l l  
take place wi th in  the  l i q u i d  l a y e r ,  whereas with non-wetting l i q u i d s  the  rup tu re  
occurs a t  the s o l i d / l i q u i d  in t e r f ace .  

Alka l i -meta l  su lpha tea  f requent ly  c o n s t i t u t e  a l i q u i d  phase in a s h  

I n  a reducing  atmosphere and when i n  con tac t  wi th  carbon, 
depos i t s ,  and the  molten su lpha te s  r e a d i l y  wet  and spread on the  sur face  of 
b o i l e r  tubes .  
su lpha tes  a r e  reduced t o  sulphide6 which w e t  and spread on any su r face .  The 
c o e f f i c i e n t  of su r f ace  tens ion  of su lpha tes  is f a i r l y  high, 0.20 N m-l f o r  NapSO4 
and 0 . 1 4  N m-l f o r  K2S04 near t h e i r  r e spec t ive  mel t ing  poin t  temperatures 
( 2 5 , 2 6 ) .  Thus work of cohesion of  molten su lpha te  layer  i n  b o i l e r  depos i t  l a  
between 0 . 3  and 0.4 N m-l  and the  work of adhesion is higher because of a low 
contac t  angle  a t  the  su lpha te / tube  su r face  i n t e r f a c e .  It is therefore  t o  be  
expected and i t  is observed i n  p rac t i ce  t h a t  when the depos i t  is removed, e.g. by 
sootblowing, t he re  remains a f i lm  of su lpha te  adhering t o  b o i l e r  tubes.  The 
sur face  tens ion  of c o a l  a s h  s l ag  has been measured previous ly  by the  s e s s i l e  drop 
method (27)  and a t y p i c a l  value was 0 . 3  N m-l .  
su lpha tes  and thus  t h e  work of adhesion (Equation 9 )  and t h e  cohesive bond 
s t r eng th  are corresponding higher a t  the s l a g / s o l i d  i n t e r f a c e .  

It is about twice t h a t  of 

Only a smal l  amount of l i q u i d ,  about a hundred molecule th i ck  l a y e r ,  is 
s u f f i c i e n t  f o r  t h e  adhes ion  contac t  of sub-micron diameter p a r t i c l e s  (28). In 
the  case of a v o l a t i l e  l i q u i d ,  t h e  equi l ibr ium th ickness  of  the  f i lm ,  and thus 
the  adhesion, v a r i e s  w i th  p a r t i a l  p ressure  of t he  vapour i n  the  surrounding 
atmosphere. When evapora t ion  from s l i q u i d  f i lm  occurs ,  as a r e s u l t  of increased  
temperature,  the  adhes ion  f i r s t  r i s e s  t o  a maximum value due t o  the  meniscus 
e f f e c t  b u t  i t  b reaks  down a s  the f i lm  th ickness  is reduced t o  molecular 
dimensions. However, b e f o r e  the break-down of t he  sur face  tens ion  chemical and 
mechanical bonds may develop between the depos i ted  a sh  and b o i l e r  tube su r face .  

MECHANICAL. AND CHEMICAL BONDING 

Ash depos i t s  on b o i l e r  tubes can be keyed t o  the  su r face  of meta l  oxide 
by mechanical and chemical bonds. Mechanical bonding is enhanced by extending 
sur face  a t  the  i n t e r f a c e  a s  shown i n  Fig. 6a. 
thus  have an  extended su r face  t h a t  is f u r t h e r  increased  by oxida t ion  and chemical 
r eac t ions  between the  oxide  l aye r  and ash depos i t s .  It is t he re fo re  ev ident  t h a t  
a comparatively rough su r face  of b o i l e r  tubes  c o n s t i t u t e  an  anchorage f o r  keying 
a sh  depos i t s  t o  the  h e a t  exchange elements.  

Boi le r  tubes  a r e  not polished and 
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Die tze l  (29) and Sta ley  (30) have proposed t h a t  the  chemical r e a c t i o n s  
a t  a enamel/metal i n t e r f a c e  can be  considered i n  terms of e l e c t r o l y t i c  c e l l s  set 
up between the metals of d i f f e r e n t  electro-chemical po ten t i a l .  
suggested t h a t  cobal t  OK n i cke l  p rec ip i t a t ed  in the  enamel when i n  contac t  wi th  
s t e e l  su r f ace ,  forms shor t -c i rcu i ted  l o c a l  c e l l s  in which i r o n  is the  anode. The 
cu r ren t  flows from i ron  through the  melt  t o  coba l t  and back t o  i ron .  The r e s u l t  
is t ha t  i ron  goes i n t o  so lu t ion ,  the  sur face  becomes roughened, and the  enamel 
ma te r i a l  anchors i t s e l f  i n t o  the c a v i t i e s  aa  shown i n  Fig. 6b. 

It has  been 

The ga lvanic  r eac t ions  w i l l  t ake  p lace  a t  a much f a s t e r  r a t e  i n  the  low 
Viscos i ty  phase of su lpha tes  i n  b o i l e r  depos i t  than  t h a t  i n  h ighly  v iscous  
s i l i c a t e  g l a s s .  However, rap id  r eac t ions  a t  the  tube su r face /depos i t  i n t e r f a c e  
may not be necessary or  appropr ia te  fo r  development of a s t rong  bond between the  
a sh  depos i t  and b o i l e r  tubes.  In meta l /g lass  s e a l  and metal/enamel coa t ing  
technology, the  adhesive bonds formed on hea t ing  have t o  be completed i n  a few 
hours,  whereas those i n  b o i l e r  depos i t s  can form over a period of days o r  weeks. 
The adhesive bond between the metal  sur face  and a s i l i c a t e  ma te r i a l  can be h igh  
when there  is a gradual r a the r  than abrupt  change i n  t h e  g l a s s  phase composition 
near the  in t e r f ace  (31). 

When the ash depos i t  is brought i n  in t ima te  con tac t  with the  sur face  of 
b o i l e r  tubes e i t h e r  by the  ac t ion  of sur face  t ens ion  o r  by t h e  ga lvanic  
r eac t ions ,  the con t ro l l i ng  parameter i n  mechanical bonding is the  s t r e n g t h  of t h e  
g l a s sy  phase a t  the  narrowest c ross  s e c t i o n a l  a rea  of con tac t  c a v i t i e s  (Fig. 6b) .  
The annealed g l a s s  may have a t e n s i l e  s t r eng th  of around 50 MN m-’ g iv ing  a 
maximum bond s t r eng th  of 35 MN m-’. 
s t ronger  or weaker depending on whether the  condi t ions  in the  keying c a v i t i e s  
increase  o r  decrease l o c a l  f laws and r e s u l t a n t  s t r e s s e s .  

However, the  g l a s s  a t  t h e  i n t e r f a c e  may be  

Chemical bonds, covalent o r  i o n i c  a s  ahown i n  Fig. 6c  and d, a t  t he  
metal  oxide/deposit  sur face  a r e  p o t e n t i a l l y  s t rong  wi th  t h e o r e t i c a l  va lues  over 
lo9 N m-*. 
s i z e  of contac t  a r eas  a t  the  in t e r f ace  where the  chemical bonds may be e f f e c t i v e .  
I n  any case ,  t he  cohesive s t r eng th  of the  depos i t  ma t r ix  is t he  l i m i t i n g  f a c t o r  
s ince  i t  is lower than t h a t  of chemical bonds by seve ra l  Orders of magnitude. In  
p rac t i ce ,  t h i s  means t h a t  when a s t rong ly  adhering depos i t  is subjec ted  t o  a 
des t ruc t ive  fo rce ,  e.g. sootblower j e t ,  f a i l u r e  occurs wi th in  the depos i t  ma t r ix  
and there  remains a r e s i d u a l  l aye r  of a sh  ma te r i a l  f i rmly  bonded t o  the  tube 
sur face .  

ADHESION OF ASH DEPOSITS ON FERRITIC AND AUSTENITIC STEELS 

It is, however, impossible t o  es t imate  the  number of s i t e s  and the  

The adhesion bond s t r eng th  of soda g l a s s  on a metal  s u b s t r a t e  has  been  
determined by hea t ing  a g l a s s  d i s c  sandwiched between two meta l  d i s c s  i n  a 
v e r t i c a l  furnace (32). The technique has  been adopted f o r  measuring the  s t r eng th  
of  the adhesive bond developed when a b o i l e r  depos i t  was sandwiched between two 
d i s c s  of f e r r i t i c  o r  a u s t e n i t i c  s t e e l s  (33). The depos i t  ma te r i a l  was taken 
immediately a f t e r  b o i l e r  shut-down from the  superhea ter  tubes of a pulver ized  
coa l  f i r e d  b o i l e r  fue l l ed  with a mixture of East  Midlands, UK coa l s .  The f l u e  
gas temperature i n  the  superhea ter  p r io r  t o  b o i l e r  shut-down w a s  about 1300 K and 
the tube metal temperature was 850 K. The depos i t  ma te r i a l  cons is ted  of 30 per 
cen t  of a lka l i -meta l  su lpha te s  i n  weight r a t i o  of 2 t o  1 of Na2S04 t o  K2S04, t he  
remainder be ing  s i l i c a t e  ash .  A l ayer  of depos i t ,  3 mm th i ck ,  was sandwiched 
between two metal  d i s c s ,  20 mm i n  diameter,  made of b o i l e r  tube s t e e l s  and then 
heated i n  a v e r t i c a l  furnace.  After a time i n t e r v a l  l a s t i n g  from one t o  25 days 
the  bond was ruptured  by applying a t e n s i l e  fo rce  without p r i o r  Cooling. 

The r e s u l t s  i n  Fig.  7 show t h a t  the  s t r eng th  of adhesive bond between 
the  f e r r i t i c  s t e e l  sample and b o i l e r  depos i t  increased  exponen t i a l ly  with 
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temperature in the  range of 775 t o  900 K. Similar r e s u l t s  were.obtained b y  
Moza et a l .  (34) who used a d rop le t  technique t o  measure the  adhesive bond of 
c o a l  ash s l a g  on a f e r r i t i c  s t e e l  t a r g e t  i n  the  temperature range of 700 t o  
950 K. 

The r e s u l t s  p l o t t e d  in Fig. 8 shows t h a t  t h e  s t r e n g t h  of adhesive bond 
of  a sh  depos i t  on bo th  the  f e r r i t i c  and a u s t e n i t i c  s t e e l s  increased  approximately 
l i n e a r l y  wi th  t i m e  a t  900 K. However, t he  bond s t r e n g t h  of depos i t  on the  
a u s t e n i t i c  s t e e l  (Type 18Cr13NiNb) was s i g n i f i c a n t l y  lower than t h a t  between the  
depos i t  and 9 C r - f e r r i t i c  s t e e l .  The l a t t e r  r e su l t ed  from the  thermal and 
chemical compa t ib i l i t y  of the  s t e e l  oxide l a y e r  and depos i t  ma te r i a l  (35) .  Table 
1 shows approximate va lues  of t h e  c o e f f i c i e n t  of thermal expansion of the  
f e r r i t i c  and a u s t e n i t i c  s t e e l s ,  some oxides and s i l i c a t e  ma te r i a l s  (36).  

Table 1: Coef f i c i en t  of Thermal Expansion of Boi le r  Tube S tee l s ,  

Oxides and S i l i c a t e s  

Material Thermal Expansion, @ K-l 

S t e e l s  

Mild S t e e l  and F e r r i t i c  S t e e l s  11 t o  12 x 10-6 

Aus ten i t i c  S t e e l s  16 t o  18 x 

Oxides 

Tube Metal Oxides 8 t o  10 x 

(FegO,,, C r q O j ,  NiO) 

Deposit  Cons t i t uen t s  

Glassy Mate r i a l  6 t o  9 x 

Quar t z  ( C r y s t a l l i n e )  5 t o  8 x 

S i l i c a t e s  in Fired  Brick 7 t o  8 x 

The da ta  in Table 1 show t h a t  the  c o e f f i c i e n t  of thermal expansion of 
mi ld  steel and f e r r i t i c  s t e e l s  is not  g r e a t l y  d i f f e r e n t  from tha t  of t h e i r  oxides 
and the a s h  depos i t  cons t i t uen t s .  It is t he re fo re  ev ident  t h a t  t he re  is no g ross  
incompa t ib i l i t y  i n  t h e  thermal expansion c h a r a c t e r i s t i c s  and s t rong ly  bonded ash  
depos i t s  once formed on mild steel tubes a r e  not e a s i l y  dislodged on thermal 
cyc l ing .  

In  c o n t r a s t ,  t he  thermal expansion of a i l s t e n i t i c  s t e e l  i s  s i g n i f i c a n t l y  
h ighe r  than t h a t  of t h e  oxides  and depos i t  ma te r i a l .  
depos i t ,  the  oxide m a t e r i a l  in the  form of t h i n  l a y e r  is ab le  t o  absorb thermal 
s t r e s s e s  and the adhes ive  l a y e r  remains i n t a c t  on cooling. However, i t  appears 
t h a t  t h e  oxide l a y e r  is unable t o  absorb thermal s t r e s s e s  in a s imi l a r  manner 
when contaminated and cons t ra ined  by bonded a sh  depos i t s .  It is t he re fo re  a 
u sua l  Occurrence t h a t  ash  depos i t s  pee l  of f  the  a u s t e n i t i c  s t e e l  tubes  on cooling 
whereas the  depos i t  formed on f e r r i t i c  s t e e l s  under the  same condi t ions  remain 
f i rmly  a t t ached  t o  t h e  tubes .  

In the  absence of b o i l e r  

! 
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King e t  a l .  (22) have suggested t h a t  i n  order  t o  ob ta in  good adherence 
o f  enamel coa t ings  on me ta l s ,  the enamel ma te r i a l  a t  the  i n t e r f a c e  must become 
sa tu ra t ed  wi th  the  metal oxide,  e.g. FeO of f e r r i t  s t e e l s .  Coal ash  d e p o s i t  on 
b o i l e r  tubes con ta ins  between 5 and 25 per  cent  i r o n  oxide (Fig. 1) and thus  the  
l aye r  a t  the tube /depos i t  i n t e r f ace  becomes s a t u r a t e d  wi th  FeO. The chromium and 
n i c k e l  conten ts  of ash depos i t  a r e  low and thus  the same chemical compa t ib i l i t y  
s t age  is not reached a t  the  a u s t e n i t i c  s t e e l / d e p o s i t  i n t e r f a c e .  

The adhesive bond between b o i l e r  a s h  depos i t  and the  su r face  of 
f e r r i t i c  s t e e l s  can a t t a i n  except iona l ly  h igh  s t r eng ths .  
examining the depos i t s  formed on d i f f e r e n t  s t e e l  specimens t e s t e d  i n  an 
experimental  superhea ter  loop. Favourable cond i t ions  f o r  the  formation of f i rmly  
bonded depos i t s  were a s  follows: 

This was found on 

( a )  The i ron  oxide conten t  of coa l  was above 20 per cen t  expressed a s  FezOg 
g iv ing  an i r o n  sa tu ra t ed  l aye r  of depos i t  on the  tube specimens. 

(b)  The a sh  c o l l e c t i n g  sur face  was a 5 per cen t  chromium f e r r i t i c  s t e e l  
which formed an  oxide l aye r  s t rong ly  adhering t o  meta l  f o r  a f i rm  
anchorage of depos i t s .  

(c )  The tube metal  temperature was h igh ,  950 K ,  which enhanced t h e  
formation of s t rong  adhesive bond. The f l u e  gas temperature a t  t h a t  
pos i t i on  was approximately 1250 K. 

( d )  The f e r r i t i c  test piece i n  the  experimental  loop was she l t e red  from 
d i r e c t  ac t ion  of sootblower. Weak turbulence caused by  the  je t  removed 
some of the uns in te red  s i l i c a  ash  leaving  i ron  r i c h  depos i t  f i rmly  
bonded t o  the tube.  The i ron  r i c h  depos i t  had grown i n  th ickness  t o  
about 20 mm a f t e r  nine months, and cohesive s t r e n g t h  of the  depos i t  
m a t e r i a l  increased  towards the  sur face  of tube metal .  The microscopic 
examination showed t h a t  there  was no marked i n t e r f a c e  boundary between 
the ash  depos i t  and metal  .oxide. 

FORMATION OF LAYER STRUCTURE DEPOSITS AND SLAG MASSES 

The coa l  ash  depos i t s  on b o i l e r  tubes have f r equen t ly  a s epa ra t e  zone 
s t r u c t u r e  with a su lpha te  r i c h  l aye r  up t o  2 mm t h i c k  under the  mat r ix  of 
s in t e red  ash (35). The ou te r  l aye r  is porous and i t  c o n s t i t u t e s  a pathway f o r  
t h e  enrichment of a lka l i -meta ls  i n  the  depos i t  l a y e r  next t o  tube su r face .  The 
d i f fusab le  spec ie s  may be su lpha te ,  ch lo r ide ,  oxide or hydroxide,  b u t  t h e  
thermodynamic d a t a  (8) and the r e s u l t s  of depos i t i on  measurements i n  c o a l  f i r e d  
b o i l e r s  (Fig.  3) suggest t h a t  sodium and potassium su lpha tes  a r e  the  p r i n c i p a l  
vapour spec ies  which d i f f u s e  through a porous mat r ix  of s i l i c a t e  ash depos i t .  

The r e l a t i v e  amounts of NazS04 and KZSO4 which d i f f u s e  through the  
s in t e red  matrix of s i l i c a t e  ash  depend on the  temperature g rad ien t  a c r o s s  the 
depos i t  l aye r ,  vapour pressure  of the  spec ie s  and thermodynamic s t a b i l i t y  of t h e  
su lpha tes  i n  the presence of s i l i c a t e s .  
temperature s t a b i l i t y  l i m i t  when compared with t h a t  of sodium su lpha te  and a s  a 
r e s u l t  K2S0,, can be p r e f e r e n t i a l l y  t ranspor ted  t o  the  su r face  of cooled b o i l e r  
tubes when there  is a s t eep  temperature g rad ien t  ac ross  the  ash  depos i t .  The 
KZS0,, r i c h  phase, when molten, can cause severe cor ros ion  of tube metal. 

Potassium su lpha te  has a h igher  

The cor ros ion  product ,  a mixture of ox ide ,  su lphide  a t  the meta l  
i n t e r f a c e  and su lpha te  ou t s ide ,  has a weak adhesive bond t o  the  metal  sur face  and 
cannot support  l a r g e  depos i t  masses. It is t he re fo re  unusual t o  f ind  excess ive  
amounts of s in t e red  ash  depos i t s  and fused s l a g  i n  the  exac t  l o c a l i t i e s  where 
severe high temperature cor ros ion  occurs .  Conversely, a s t rong ly  adhering ma t r ix  
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of  s in t e red  ash  d e p o s i t  in the  absence of su lpha te ,  su lphide  or  ch lo r ide  phases 
is not markedly co r ros ive .  

The build-up of b o i l e r  tube depos i t s  is a continuously changing process 
as  depicted in Fig. 9. When the  depos i t  ma te r i a l  reaches a th ickness  of 2 t o  
3 mm (Fig.  9a) the  sepa ra t e  su lpha te  and s i l i c a t e  phases occur (Fig.  9b). 
Subsequently,  the  su lpha te  l aye r  d i sappears  in t he  middle sec t ion  (F ig .  9c)  
allowing a s t rong  bond t o  b e  e s t ab l i shed  between the  s i n t e r e d  a s h  depos i t  and 
f e r r i t i c  steel b o i l e r  tubes .  This is t he  " c l a s s i c a l "  mode of formation of  
superhea ter  tube depos i t  when the  metal temperature is in t he  range of 750 t o  
900 K. Above 950 K t h e  l a y e r  s t ruc tu red  depos i t s  a r e  less l i k e l y  t o  occur and a 
s t rong  adhesive bond is r a p i d l y  formed between the  s i l i c a t e  ash  depos i t s  and the 
h igh  t e m p e r a t u r e  tube  sur face .  

A notab le  f e a t u r e  of s l a g  formed in pulver ized  c o a l  f i r e d  b o i l e r  is i t s  
va r i ab le  g a s  hole po ros i ty .  Burning coa l  p a r t i c l e s  a r e  incapsula ted  in t h e  
depos i t  l a y e r  and gene ra t e  CO and C 0 2  i n s i d e  t h e  s i l i c a t e  ma te r i a l  (27) r e s u l t i n g  
in a h ighly  porous s l ag .  The dens i ty  of s l a g  w i l l  i nc rease  when the  encapsulated 
coa l  p a r t i c l e s  a r e  consumed and gas  bubbles have escaped. 

It has been  observed t h a t  new b o i l e r s  have an "immunity" period l a s t i n g  
weeks o r  months b e f o r e  severe  s l ag  build-up occurs .  This  is p a r t l y  due t o  the  
f a c t  t h a t  dur ing  the  commissioning period the  b o i l e r  r a r e l y  reaches  f u l l  load  
output .  However, i t  may a l s o  be p a r t l y  due t o  a slow r a t e  of formation of the  
in t e r f ace  l a y e r  on b o i l e r  tubes  which is ab le  t o  have a s t rong  adhesive bond t o  
r ap id ly  forming a s h  s l a g  and thus ab le  t o  support  l a rge  masses of depos i t .  

CONCLUSIONS 

I n i t i a l  Deposit  

The i n i t i a l  depos i t  ma te r i a l  on cooled tubes  in coa l  f i r e d  b o i l e r s  
c o n s i s t s  l a r g e l y  of flame v i t r i f i e d  s i l i c a t e  a sh ,  iron oxide ,  and calcium and 
a l k a l i - m e t a l  su lpha te s .  
reducing cond i t ions  some iron and calcium su lph ides  can be present .  

Trace amounts of ch lo r ide  w i l l  a l s o  depos i t  and under 

Phase Separa t ion  

Most c o a l s  leave  an ash res idue  which is pyrochemically a c i d i c ,  and the 
a lka l i -meta ls  and calcium a r e  d i s t r i b u t e d  in t he  s i l i c a t e  and su lpha te  phases 
under oxid iz ing  condi t ions .  
immiscible and s e p a r a t e  i n t o  two phases. 
adhesion of ash  t o  b o i l e r  tubes  and l eads  t o  the  formation of l a y e r  s t r u c t u r e d  
depos i t s .  

The fused s i l i c a t e s  and molten su lpha tes  a r e  
The phase sepa ra t ion  enhances the  

I n i t i a l  P a r t i c l e  Adhesion 

I n i t i a l l y  t h e  s m a l l  p a r t i c l e s  of ash ,  below 1 pm in diameter a r e  held 
a t  the su r face  of b o i l e r  tubes  by the  van der  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  
forces .  
su r f ace ldepos i t  i n t e r f a c e  and only a small amount of l i q u i d ,  about one hundred 
molecules t h i c k  is s u f f i c i e n t  fo r  bonding.. 

Subsequently a f i l m  of molten sulphate may form at the  tube 

Strong Adhesive Bond of Deposits on F e r r i t i c  S t e e l s  

Strong adhes ive  bonds can form between the  oxidized su r face  of f e r r i t i c  
steels and i r o n  r i c h  a sh  because of the composition and thermal expansion 
compa t ib i l i t y  of t h e  metal  oxide and s i l i c a t e  a s h  depos i t .  
s t r e n g t h  inc reases  exponen t i a l ly  wi th  temperature of t he  t a r g e t  su r f ace  in the  

The adhesive bond 
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range of 750 t o  950 K. The bond s t r e n g t h  can reach h igh  va lues ,  t h a t  is, higher  
than the cohesive s t r eng th  of s i n t e r e d  ash  depos i t s  a t  temperatures above 850 K. 

Weak Adhesive Bond of Deposits on Aus ten i t i c  S t e e l s  

The adhesive bond between the  a u s t e n i t i c  s t e e l  sur face  and a sh  d e p o s i t  
is r e l a t i v e l y  weak a s  a r e s u l t  of the composition and thermal incompa t ib i l i t y  of 
the steel oxide and the  s i l i c a t e  ma te r i a l .  The temperature f l u c t u a t i o n s  on 
changeable b o i l e r  load condi t ions  can cause s u f f i c i e n t l y  high thermal stresses 
for depos i t  t o  sk id  o f f  the  a u s t e n i t i c  s t e e l  tubes .  

Boi le r  Tube/Ash Deposit  I n t e r f a c e  

The b o i l e r  tube/ash depos i t  i n t e r f a c e  l aye r  which can  suppor t  l a r g e  
masses of s l ag  formed in the  combustion chamber takes  seve ra l  months t o  develop. 
Thus the  f u l l  ex t en t  of b o i l e r  slagging may no t  become evident  during the 
commissioning period of new b o i l e r  p l an t .  
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TWO PHASES AT 1575K 

FIG. 3 2K2S04 - K20 - 2.1 SiOz DROPLET IN HEATING MICROSCOPE (0.5 mm GRID) 
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FIG. 4 MISCIBILITY GAP IN K2SOq-K20-Si02 SYSTEM AT 1575 K 

A,  SINGLE PHASE 6, TWO PHASES C, LIQUID + SOLID SiOz 
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ABSTRACT 

Tests have been conducted i n  a laboratory hot cyclone t o  obta in  an es t imate  of 

t h e  temperature below which spher ica l  g l a s s  p a r t i c l e s  do not form a f i rmly  at tached 

deposi t .  A temperature of 800' to  85OoC, corresponding t o  a v i s c o s i t y  between 6.3 X 
lo5 and 2.9 X IO6 poises ,  as  ca lcu la ted  from the composition of the  g l a s s ,  was 

found. We take t h i s  v i s c o s i t y  t o  be approximately t h a t  of coal  ash above which 

p a r t i c l e s  w i l l  not  depos i t  i n  cyclones of fluidized-bed coal  g a s i f i e r s .  

INTRODUCTION 

A cyclone operat ing a t  temperatures near those of the  f l u i d i z e d  bed of the 

r e a c t o r  has been used i n  the g a s i f i e r  of the  U-GAS" p i l o t  p lan t  t o  remove en t ra ined  

char  p a r t i c l e s  from the  product gas and re turn  them t o  the bed. E s s e n t i a l l y  pure 

coa l  ash has  been found t o  deposi t  i n  t h i s  hot cyclone (1). The depos i t s  have been 

analyzed c h e d c a l l y  and examined by o p t i c a l  and scanning e lec t ron  microscopy. 

Ferrous s u l f i d e  is  responsible  for  deposi t ion under adverse condi t ions,  but 

depos i t ion  of i ron-r ich fe r rous  a luminos i l ica tes  is  the  more ser ious  problem. I n  
depos i t s  from Western Kentucky coal ,  f o r  example, the  s e l e c t i v e  deposi t ion of high- 

i r o n  s i l i c e o u s  p a r t i c l e s  is indicated by an Fe2O3/Al2O3 r a t i o  (ca lcu la ted  a f t e r  

excluding the  iron cont r ibu t ion  of i r o n  s u l f i d e )  ranging from 2.2 t o  4.6 i n  the ash 

of depos i t s ,  compared with a r a t i o  of 1.2 i n  t h e  ash  of the  coal .  

temperature (which.equals p a r t i c l e  temperature) and c y c l o n e v a l l  temperature on the  

depos i t ion  of such p a r t i c l e s  was s tudied i n  a laboratory hot cyclone i n  the  

l a b o r a t o r i e s  of the Mechanical Engineering Department of t h e  Universi ty  of Wisconsin 

a t  Milwaukee (1,2). 

p lan t  deposi ts .  

t h e  p a r t i c l e s  do not form a f i rm deposi t ,  is about 9OO0C when gas and wal l  

temperatures are equal. 

The e f f e c t  of gas 

The p a r t i c l e s  used i n  these  t e s t s  were prepared from p i l o t  

The r e s u l t s  indicated t h a t  t h e  borderl ine temperature, below which 
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We envis ion t h a t  t h e  mechanism of deposi t ion involves viscous or p l a s t i c  flow 

following c o l l i s i o n  of p a r t i c l e  and deposi t ion surface to  c rea te  a neck exer t ing  

enough sur face  tens ion  t o  prevent rebound. We consider t h a t  the main cause of flow 

is impact. Flow dr iven  by sur face  tension,  as  postulated by Raask (3 )  f o r  

deposi t ion of coal  ash  on hea t  exchange sur faces  of b o i l e r s ,  c o n s t i t u t e s  an 

addi t iona l  mechanism leading  t o  f i rm adhesion. Deposition a t  the i n l e t  impingement 

a r e a  in t h e  labora tory  hot cyclone t e s t s ,  massiveness of depos i t s  a t  regions of high 

gas ve loc i ty  and a c c e l e r a t i o n  in or  near the  p i l o t  p lan t  cyclone, and v i r t u a l  

absence of depos i t s  a t  low-gas-velocity regions of the g a s i f i c a t i o n  reac tor  a l l  

ind ica te  t h a t  impact of deposition-prone p a r t i c l e s  plays an important r o l e  i n  the 

mechanism. 

For both mechanisms. however, the e f f e c t  of temperature on deposi t ion can be 

a t t r i b u t e d  t o  change i n  v i s c o s i t y ,  as  sur face  tension does not vary much with 

temperature. I n v e s t i g a t i o n  of the  e f f e c t  of v i s c o s i t y  with ash p a r t i c l e s  Is 
d i f f i c u l t ,  because l i t t l e  is known about the  v i s c o s i t i e s  of iron a luminos i l ica tes  

and ferrous s u l f i d e  a t  temperatures from 850' t o  1O5O0C and, i n  any case, the  ash 

p a r t i c l e s  vary i n  composition and presence of high melting phases. Therefore. we 

have chosen t o  use g l a s s  spheres as  a homogeneous model mater ia l  of known v iscos i ty  

f o r  the s tudy of deposi t ion.  We report  here  a few r e s u l t s  of a prel iminary nature. 

EXPERIMENTAL 

The t e s t  apparatus  c o n s i s t s  of a na tura l  gas burner t o  provide hot f l u e  gas, a 

dus t  feeder ,  and a 9.68-cm I D  cyclone (Figure 1) .  Calculat ions i n d i c a t e  t h a t  the 

residence time of p a r t i c l e s  i n  the  hot f l u e  gas is s u f f i c i e n t  t o  heat  the  p a r t i c l e s  

t o  the  temperature of t h e  f l u e  gas a t  the cyclone entrance. The i n l e t  s e c t i o n  of 

the  cyclone is jacketed t o  allow cooling of the  wal l ;  or a l t e r n a t i v e l y ,  i t  can be 

heated t o  achieve s u b s t a n t i a l l y  equal gas and wal l  temperatures. Temperature 

readings of the  gas dur ing  a run a r e  taken by a bare wire thermocouple pro jec t ing  

i n t o  the gas j u s t  upstream from the i n l e t  s e c t i o n  of t h e  cyclone; it is ca l ibra ted  

before  the  run by an a s p i r a t i o n  thermocouple in the  i n l e t  sect ion.  Temperature of 

the wall is measured by a thermocouple embedded i n  it a t  the  spot where the en ter ing  

gas  impinges, where coherent depos i t s  t y p i c a l l y  form (1.2). 

i n l e t  sec t ion  is smoothed with No. 320-grit emery paper before each test. 
The sur face  of the  

The feed  dust  in these  t e s t s  was suppl ied by t h e  Cataphote Divis ion of Ferro 

Corporation as Class  IV-A uncoated Unispheres of soda-lime g l a s s  i n  a nominal 13- 

44 p diameter. 

s i z e  ranged only between 20 and 51 pm, with 14% g r e a t e r  than 40 p and 3% smaller  

than 25 ym. 

A Coul te r  counter  s i z e  d i s t r i b u t i o n  ana lys i s  ind ica ted  t h a t  the  
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To determine the borderline of deposition we have made a total of nine runs 

with the glass spheres, of which seven were within about 50°C of a borderline region 

obtained by plotting wall temperature against gas temperature (Figure 2) .  

burner was operated to yield an oxidizing atmosphere at rates giving cyclone inlet 

velocities ranging from 30 to 50 fls; these velocities are comparable to those of 

laboratory tests with particles of pilot plant deposits. 

deposits of the spheres were observed at the jet impingement area in three of these 
tests. The results indicate that the borderline for firm deposition with equal gas 

and wall temperatures is between 800' and 85OOC. The slope of the borderline, which 
should depend mostly on the specific heat of the dust, is assumed to be parallel to 

the better-established borderline for the pilot plant deposits. which is also shown 
in Figure 2. In the future. we expect to make additional tests to establish the 
borderline more precisely and to determine the effect of variables such as velocity 
and size of particles. 

The 

Very light but firm 

We have chemically analyzed the glass spheres and from this estimated the 

viscosity at 800' and 850'C by means of the correlation equations of Lyon (4 .5 ) .  

The range of viscosity thus obtained over the above temperature range is 6.3 X lo5 

to 2.9 X lo6 poises. 
softening and working temperatures of glass ( 5 ) .  

DISCUSSION 

This is near the geometric mean of the viscosities at the 

According to Dietzel's correlation of the surface tension of glasses, glazes, 

and enamels with composition ( 6 ) ,  the surface tension of the pilot plant deposits is 
up to about 25% higher than that of the glass used here. Neglecting this difference 

and the effect of particle shape, we may conclude that the effective viscosity of 

the pilot plant deposit for borderline deposition in the laboratory hot cyclone is 

in the range reported above for the glass spheres. In the pilot plant or in a 

commercial plant with w c h  larger cyclones, considerable scale-up is required for 
application of our results. but we think it likely that they apply there also. 
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ABSTRACT 

A drop-tube furnace was designed and constructed for  the purpose of simulating 
the time/temperature environment for  p.c. combustion i n  a u t i l i t y  furnace. The ash  
produced was impacted on oxidized boiler s tee l  coupons a t  gas and metal temperatures 
similar t o  upper furnace waterwall tubes. B o t h  f l y  a sh  and deposits were similar t o  
those of a p i lo t - sca le  (7-9 kg/hr) combustor. Iron-rich s l a g  droplets produced from 
pyrite-rich p.c. par t ic les  bonded strongly with the oxidized s tee l  surface. These 
par t ic le  types were found a t  the base of ash deposits a f t e r  removal of sintered and 
loose ash for  b o t h  eastern and western coals. Adhesion of iron-rich droplets was a 
function of both flame and metal surface temperatures. Also, vo la t i le  species,  i . e . ,  
a1 kal i and exchangeable cations influenced the "sticking" behavior of the iron-rich 
droplets. These trends are in qua l i ta t ive  agreement w i t h  previous st icking t e s t  
resu l t s .  

INTRODUCTION 

All coals contain inorganic matter which i s  converted t o  ash when the coal i s  
burned. The management of t h i s  a sh  consti tutes one of the principal limiting design 
considerations for  a p.c. steam generator. Operational problems occur i f  ash 
deposition and build-up on heat exchange surfaces becomes unmanageable. A s ingle 
day's outage fo r  a n  800 MW u n i t  f o r  ash removal and repair  can cost the u t i l i t y  as 
much as  $600,000 in l o s t  e lec t r ica l  generation (l) .Derating of the boiler system t o  
manage ash deposition problems can cost millions of dollars annually. This 
investigation i s  part of an ongoing research program t o  gain a better fundamental 
understanding of the i n i t i a t i o n  o f  slag deposits on the  upper walls of a boiler 
furnace enclosure. This paper reports on the development of a gas-fired vertical  
muffle tube (drop-tube) furnace as  a new research tool.  

A previous laboratory t e s t ,  the st icking t e s t  (2-7) led t o  a number of 
conclusions concerning the mechanism and chemistry o f  molten slag drop  adhesion to  
oxidized boi le r  s t ee l s .  However, t h i s  t e s t  had several inherent disadvantages. I t  
required the use of comparatively large molten ash drops ( 2  mm in diameter) and 
there was no proof tha t  the  conclusions applied equally well t o  the smaller s ize  
droplets (submicron t o  250 m) produced i n  p.c.-fired furnaces. Also, the large 
drops formed from a coal ash contained a l l  of the constituents of the ash (mean ash 
composition) which cannot accurately simulate the variety o f  mineral associations 
occurring on a particle-by-particle basis i n  a pulverized coal (8). Thus, the 
purpose of the drop-tube furnace was t o  produce coal f l y  ash particles under the 
same time/temperature environment experienced i n  fu l l - sca le  boiler combustion 
followed by impaction on an oxidized boiler steel  coupon simulating a n  upper 
furnace waterwall surface. 

EXPERIMENTAL 

Three Pennsylvania bituminous coal s, designated Keystone, Montour and Tunnel ton 
and a Decker, Montana subbituminous coal were studied i n  t h i s  investigation. All 
a re  current steam coals. Semi-quantitative mineralogical analysis of LTA and 
spectrochemical analysis of ASTM HTA a re  given in Table 1 for the three 

*Current Address: Babcock & Wilcox R & D ,  1562 Beeson St ree t ,  Alliance, OH 44601 
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Pennsylvania coals and raw (untreated) and acid washed Decker coal samples. 

Figure 1. I t  consisted of four major component parts:  ( i )  a gas-fired h o t  zone, ( t i )  
a fluid-bed feeding system, ( i i i )  a preheat section and in jec tor ,  and ( iv )  a water- 
cooled ash collector probe. The conditions inside the heated muffle tube simulated 
thosg of a u t i l i t y  furnace combustion zone: (i) maximum gas temperatures of 1500 t o  
1750 C ,  ( i i )  par t ic le  residence times between oge and two seconds, and ( i i i )  ash 
sampling temperatures ranging from 1000 t o  1300 C .  The fluid-bed feeder delivered 
between 0.2 and 0.3 grams of pulverized coal with s l igh t ly  less  than 1 l i t e r  of 
primary a i r  per minute. I n  the preheat section the secondary a i r  stream (roughly 2 
liters/min) was heated t o  about 1000 C before a honeycomb flow straightener 
distributed i t  in streamlines across the muffle tube cross-section. The  cold p . C . /  
primary a i r  mixture was carried by the injector t o  the hot combustion zone. A t h i n  
pencil-like p.c. stream was burned as i t  passed through the heated muffle tube. The 
f ly  ash produced was accelerated and impacted onto a water-cooled boi le r  s tee l  
coupon a t  surface temperatures of 300 t o  450 C .  

The ash deposits were characterized physically by observation under both a 
Zeiss optical and IDS-130 scanning electron microscope (SEM). Chemical character- 
i s t i c s  were determined by energy dispersive x-ray fluorescence equipment 
associated with the SEM. 

RESULTS AND DISCUSSION 

typical ash deposit structure on both a macro and microscale. The t o p  photograph (A) 
shows an ash deposit collected from the raw Decker coal on a Croloy 1/2 s t ee l  coupon. 
The lower optical photomicrograph shows the strongly bonded material remaining on the 
surface a f t e r  the comparatively loosely adhered ash had been brushed away. The opaque 
black droplets are rich in iron (85 t o  100 w t .  %) and the l i gh t  colored transparent 
glassy spheres are predominantly alumino-si1 icates.  The deposit build-up mechanism 
appeared t o  be similar f o r  a l l  coals. All originated with the re la t ive ly  strong 
bonding of iron-rich slag drops t o  the oxidized s tee l  surface. Alumino-silicates 
were only found in this layer for  the raw Decker coal. In addition, there was always 
a layer of very f ine  par t ic les  (submicron) coverl’ng the en t i re  coupon surface.  I t  was 
n o t  possible t o  brush or blow this layer from the surface. A region of loosely bonded 
ash particles often containing most a l l  of the major constituents of the  ash then 
bui l t  upon the more strongly adhered droplets.  There was l i t t l e  i f  any interaction 
between the loose ash and adhesive par t ic les .  As the distance from the s tee l  surface 
increased the ash par t ic les  began t o  sinter,eventually forming a f lu id  mass in some 
instances. 

investigators (9,lO). I t  was also observed in a pilot-scale p.c. t e s t  combustor (11).  
The fine particle layer probably formed on the coupon surface due t o  convective 
diffusion t o  the re la t ive ly  cold s tee l  coupon (12). Presumably the scouring action of 
the ash laden gases in a u t i l i t y  furnace would prevent formation of t he  loose ash layer 
until the iron-rich layer i s  more extensively developed and interaction w i t h  successive 
layers can occur. 

temperatures of 1470 ( A )  and 1500 C (B) are  shown in the SEM photomicrographs i n  F i g u r e  
3 .  The concentration of these par t ic les  increased with increasing flame temperature. 
Note t h a t  the par t ic les  flattened more on impact a t  the higher temperature, probably 
due to  a decrease in par t ic le  viscosity. There appeared t o  be two d i f fe ren t  iron-rich 
particle types i n  each deposit: ( i )  a porous par t ic le  with a rougher surface texture, 
and ( i i )  a m r e  glassy appearing par t ic le  with a very smooth surface texture.  X-ray 
fluorescence spectrograms are also shown in Figure 3. The porous type par t ic les  were 
found t o  contain exclusively iron (see analysis of Point 1 in Figure 3B), whereas the 
more glassy par t ic le  types contained smaller amounts of s i l i con ,  aluminum and 
potassium (Point 2) .  

The drop-tube furnace system i n  which the t e s t  coals were burned i s  shown i n  

Physical characterist ics for  a l l  ash deposits were similar.  Figure 2 shows a 

Preferential deposition of iron-rich species has been suggested by other 

The iron-rich deposit base par t ic les  formed from the Keystone coal a t  flame 

The two furnace operating parameters which most influenced ash deposition rates 
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were f lame and coupon s u r f a c e  temperatures. Both O f  these t rends  a r e  shown i n  Tables 
2 and 3. Deposi t  b u i l d - u p  r a t e s  inc reased between two and s i x  t imes wi-th each 
increase i n  flame temperature and t e n - f o l d  f o r  a 30 degree r i s e  i n  coupon sur face  
temperature. Removing exchangeable c a t i o n s  f rom t h e  Decker coa l  caused a t h r e e - f o l d  
decrease i n  t h e  ash d e p o s i t i o n  r a t e ,  see Table 4. The exchangeable c a t i o n s  appeared 
t o  p l a y  a s i g n i f i c a n t  r o l e  i n  bo th  t h e . i n i t i a 1  i r o n - r i c h  d e p o s i t  and t h e  s i n t e r i n g  
p r o p e r t i e s  e x h i b i t e d  by t h e  ash depos i t .  The s i n t e r e d  ash c o l l e c t e d  from the  raw 
Decker coal  was yel low-brown i n  c o l o r  and compara t ive ly  d i f f i c u l t  t o  break a p a r t  
r e q u i r i n g  a f o r c e  o f  n e a r l y  20 p s i .  The a c i d  form s i n t e r  was c o r a l  c o l o r e d  and broke 
a p a r t  w h i l e  removing t h e  coupon from t h e  c o l l e c t o r  probe. 

CONCLUSIONS AND FUTURE WORK 

The drop-tube f u r n a c e  c l o s e l y  s imulated t h e  t ime/temperature h i s t o r y  o f  a 
u t i l i t y  b o i l e r  furnace. One t y p e  o f  s l a g  depos i t  i n i t i a t i n g  p a r t i c l e  which s t r o n g l y  
bonds t o  ox id ized  b o i l e r  s t e e l s  i s  low m e l t i n g  i r o n - r i c h  d r o p l e t s  produced from 
p y r i t e - r i c h  p.c.  p a r t i c l e s .  Flame and metal s u r f a c e  temperatures s t r o n g l y  i n f l u e n c e  
ash depos i t  bu i ld -up  r a t e s .  S u f f i c i e n t  evidence e x i t s  t o  suggest t h a t  a l k a l i s  and 
ca lc ium enhance t h e  " s t i c k i n g "  behav io r  o f  i r o n - r i c h  and o t h e r  f l y  ash d r o p l e t s .  This 
i n v e s t i g a t i o n  revea led  a q u a l i t a t i v e  r e l a t i o n s h i p  between r e s u l t s  ob ta ined from 
severa l  d i f f e r e n t  apparatus used t o  study s l a g  i n i t i a t i o n :  ( i )  s t i c k i n g  apparatus, 
( i i )  drop-tube furnace, and ( i i i )  p i l o t - s c a l e  p.c. t e s t  combustor. 

Future work i n  the  drop-tube fu rnace w i l l  i n c l u d e :  ( i )  deve lop in  a method f o r  
d e f i n i n g  the  r e l a t i v e  adhesion p r o p e r t i e s  o f  ash p a r t i c l e  types, and f i i )  more c l e a r l y  
d e f i n i n g  t h e  r o l e  o f  v o l a t i l e  species i n  d e p o s i t  i n i t i a t i o n  and growth. T h i s  second 
goal  can be accomplished b y  i n v e s t i g a t i n g  c o n t r o l  l e d  composi t ion s y n t h e t i c  polymer/ 
minera l  combinations. 
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TABLE 1. MINERALOGICAL AND ELEMENTAL ASH COMPOSITION FOR TEST COALS 

Procedure/Coals 

M ine ra log i ca l  (wt .  % LTA) 

Quartz 
P y r i t e  
C a l c i t e  
Gypsum 
K a o l i n i t e  
I l l i t e  
Fel dspan 

LTA ( w t .  % as rece ived  c o a l )  
HTA (wt. % as rece ived  c o a l )  

Spectrochemical ( w t .  % HTA) 

Montour Keystone 

25 25 
15 10 -- 5 

5 
17 30 
30 20 

-- 

-- -- 
18.0 21.6 
15.8 18.0 

51.7 54.1 
25.6 25.9 

1.3 1.3 
14.1 9.7 

2.4 1.8 
0.9 1.0 
0.2 0.3 
2.4 2.9 
1.5 1.1 
0.4 0.4 

231 

Tunnel t o n  

22 
15 
5 

- -  
i a  
30-40 

5-10 

22.9 
20.1 

50.3 
26.8 
1.3 

11.0 
2.5 
1 .o 
0.4 
2.9 
2.3 
0.4 

Raw Acid-Washed 
Decker Decker 

6.3 3.3 
4.0 2.2 

26.5 53.0 

0.9 2.7 
5.3 9.2 

14.3 4.1 
2.5 0.7 
0.03 0.01 
5.0 0.4 
0.97 0.6 

15.5 28.5 

21.6 --  



TABLE 2. DEPOSIT BUILD-UP RATES FOR THE THREE 
PENNSYLVANIA STEAM COALS AT THREE 
FLAME TEMPERATURES 

F1 ame 
Temperature 

Coal O C  

Montour 1465 
1518 
1561 

Keystone 1470 
1500 
1560 

Tunnel ton 1467 
1510 
1518 

- 

Deposi t  
Mass 
mg 

26.5 
64.5 

133.0 
24.0 

117.7 
286.1 

39.7 
252.6 
297.1 

Re1 a t i v e  
Bu i l d -up  Rates 

mgfmin mglgr  Coal 

2.2 11.0 
5.4 22.5 

11.1 46.3 
2.0 7.1 
9.8 40.8 

23.6 99.2 
3.3 11.8 

21.1 75.4 
24.8 103.3 

Percent o f  
To ta l  Ash 
(Based on HTA) 

6.9 
14.2 
29.2 

3.9 
22.7 
47.3 

3.1 
19.7 
51.3 

TABLE 3. DEPOSIT BUILD-UP RATES FOR THE KEYSTONE COAL 
AT A FLAME TEMPERATURE OF 1500°C AND TWO 
DIFFERENT COUPON SURFACE TEMPERATURES 

Coupon Deposit Re1 a t i v e  Percent o f  
Surface Mass Bui 1 d-up Rates T o t a l  Ash 

Temperature "C mg mg/min mg/gr Coal (Based on HTA) 

31 0- 318 11.7 6.98 29.1 2.3 
340-345 117.7 9.8 40.8 18.0 

TABLE 4. DEPOSIT BUILD-UP RATES FOR RAW AND A C I D  WASHED 
DECKER COAL SAMPLES AT A FLAME TEMPERATURE OF 
1500°C 

Deposi t  R e l a t i v e  Percent  o f  
Coal Mass Bui ld-up Rates T o t a l  Ash 
Sample mg mglrnin mg/gr Coal lBased on HTA) 

Raw Decker 82 4.1 14.6 36.6 
A c i d  Washed 

Decker 25 1.3 5.4 23.7 

\ 
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FIGURE 2 R A W  DECKER COAL ASH DEPOSIT: 
A )  TOTAL DEPOSIT AFTER TWENTY MINUTES, 
6) OPTICAL PHOTOMICROGRAPH OF BONDED 
ASH PARTICLES 1 
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INFLUENCE OF SEGREGATED MINERAL 
MATTER I N  COAL ON SLAGGING 

R. W.  Bryers 

Fos te r  Wheeler Development Corporation 

Liv ings ton ,  New Jersey  07039 
12  Peach Tree H i l l  Road 

INTRODUCTION 

The minera l  con ten t  of any given rank of coa l  is a key f a c t o r  i n  s i z ing  and 
designing a steam genera tor  or r eac to r .  
po r t an t  a s  t h e  premium s o l i d  f u e l s  a r e  consumed, leav ing  r e se rves  wi th  cont inua l  
increas ing  mineral  concen t r a t ions  and lower qua l i t y  a sh .  The problem of dea l ing  
wi th  lower q u a l i t y  a sh  i n  coa l  i s  compounded by the  inc rease  i n  s i z e  of steam 
genera tors  and re f inements  imposed by economic cons t r a in t s .  
based on coa l  ash chemistry and ASTM ash  fus ion  temperatures o r  v i s c o s i t y ,  a r e  
present ly  used t o  rank coa l s  according to t h e  f i r e s i d e  behavior of t h e  mineral  
matter. Unfor tuna te ly ,  t he  ind ices  a r e  only marginally sa t i s f ac to ry .  a s  they do 
not r e l a t e  t o  ope ra t ing  o r  des ign  parameters and f requent ly  are based on a coa l  
ash chemistry q u i t e  d i f f e r e n t  from t h a t  depos i ted  on t h e  furnace  wa l l .  
d i f f e r e n t  c o a l s  with i d e n t i c a l  ash chemistry produce dec idedly  d i f f e r e n t  slagging 
condi t ions  i n  steam gene ra to r s  of i d e n t i c a l  design opera ted  i n  the  same mode. 
Var ia t ions  i n  composition of t h e  s l a g ,  when compared wi th  t h e  coal a sh ,  suggest 
s p e c i f i c  minera ls  a r e  be ing  s e l e c t i v e l y  depos i ted  on furnace  w a l l s  depending upon 
t h e i r  s p e c i f i c  g r a v i t y ,  s i z e ,  composition, and physicochemical p rope r t i e s .  It i s  
q u i t e  apparent t he re  i s  a need f o r  a b e t t e r  understanding of t he  i m p a c t  of mineral  
composition, i t s  s i z e ,  and i t s  a s soc ia t ion  wi th  o the r  minera ls  and carbonaceous 
matter on f i r e s i d e  depos i t s .  

The mineral  content becomes even more i m -  

Empirical  i nd ices ,  

Frequently,  

MINERAL MATTER I N  COAL 

Minerals occur r ing  i n  c o a l  may be c l a s s i f i e d  i n t o  f i v e  main groups. These in- 
clude sha le ,  c l a y ,  s u l f u r ,  and carbonates.  The f i f t h  group inc ludes  accessory  min- 
e r a l s  such as quar tz  and minor cons t i t uen t s  l i k e  the  f e l d s p a r s  (1)- 

Shale, u sua l ly  t h e  r e s u l t  of t h e  consol ida t ion  of mud, s i l t ,  and c l ay ,  c o n s i s t s  
of many minera ls  i nc lud ing  i l l i t e  and muscovite--these a r e  forms of mica. Kao l in i t e  
i s  t h e  mst  common c l a y  m a t e r i a l  (1). 

The s u l f u r  minera ls  inc lude  p y r i t e s  wi th  some marcas i te .  
same chemical composition a s  p y r i t e s  but a d i f f e r e n t  minera logica l  s t r u c t u r e .  
f u r  i s  a l s o  p re sen t  a s  organic  mat te r  and occas iona l ly  a s  s u l f a t e .  
a l l y  occurs i n  weathered coa l  such a s  i n  outcrops .  
coa l  i s  gene ra l ly  less than 0.01 pe rcen t .  

Generill:,, 60 pe rcen t  of t h e  s u l f u r  i n  coa l  i s  p y r i t i c ,  p a r t i c u l a r l y  when t h e  
A t  higher concent ra t ions  i t  may run as high  a s  70 t o  

Marcasite has t h e  
Sul- 

The l a t t e r  usu- 
The amount of s u l f a t e  s u l f u r  i n  

Su l fu r  concent ra t ion  i s  low.  
90 percent .  
and s i z e s .  The p r i n c i p a l  forms a r e  (1-6): 

P y r i t e  occur s  i n  coa l  i n  d i s c r e t e  p a r t i c l e s  i n  a wide v a r i e t y  of shapes 

Rounded masses c a l l e d  s u l f u r  b a l l s  o r  nodules an  inch o r  more i n  s i ze .  

Lens-shaped masses which a r e  thought t o  be f l a t t e n e d  s u l f u r  b a l l s .  

Ver t i ca l ,  i n c l i n e d  v e i n s  or f i s s u r e s  f i l l e d  wi th  p y r i t e  ranging  i n  
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th ickness  from t h i n  f l a k e s  up t o  seve ra l  inches  th ick .  

Small, d i scont inuous  v e i n l e t s  of p y r i t e ,  a number of which sometimes 
r a d i a t e  from a common cen te r .  

S m a l l  p a r t i c l e s ,  <72p, o r  v e i n l e t s  disseminated i n  t h e  coa l .  Micro- 
scopic  p y r i t e  occurs  in f i v e  bas i c  morphology types:  ( a )  framboids,  
(b) i so l a t ed  euhedral c r y s t a l s ,  ( c )  nonspher ica l  aggrega tes  of eu- 
hedra l  c y r s t a l s ,  (d) i r r e g u l a r  shapes,  and ( e )  f r ac tu red  f i l l i n g s  (7). 

A l l  coa l s  conta in  some of  t h e  t h i r d  and f i f t h  forms of p y r i t e ,  and some coa l s  
conta in  a l l  f i v e  of t he  p r i n c i p a l  forms ( 6 , 8 , 9 ) .  

The carbonates are mainly c a l c i t e ,  dolomite,  or s i d e r i t e .  The occurrence of 
c a l c i t e  is f r equen t ly  bimodal. Some c a l c i t e  occurs a s  inherent  a sh ,  whi le  o the r  
c a l c i t e  appears a s  t h i n  l a y e r s  in c l e a t s  and f i s s u r e s .  I ron  can be p re sen t  in 
small q u a n t i t i e s  a s  hemat i te ,  ankor i t e ,  and in some of t h e  c lay  minera ls  such a s  
i l l i t e .  In add i t ion  t o  the  more common minera ls ,  s i l i c a  is present  sometimes a s  
sand p a r t i c l e s  o r  quar tz .  
s u l f a t e s  bu t  probably mst o f t en  a s  f e ldspa r s ,  t y p i c a l l y  o r thoc la se  and a l b i t e .  In 
t he  case  of l i g n i t e s ,  un l ike  bituminous and subbituminous, sodium is n o t  p re sen t  a s  
a mineral  bu t  is probably d i s t r i b u t e d  throughout t h e  l i g n i t e  a s  t h e  sodium s a l t  of 
a hydroxyl group or a carboxyl ic  a c i d  group in humic ac id .  
is bound organica l ly  t o  humic ac id .  Therefore,  i t  too  is uniformly d i s t r i b u t e d  in 
t h e  sample. 

The a l k a l i e s  a r e  sometimes found a s  c h l o r i d e s  or a s  

Calcium, l i k e  sodium, 

The t e r m ,  "mineral mat te r , "  usua l ly  a p p l i e s  t o  a l l  inorganic ,  noncarbonaceous 
material in t h e  coal and inc ludes  those  inorganic  elements which may occur in or- 
ganic combination. Phys ica l ly ,  t h e  inorganic  mat te r  can be d iv ided  i n t o  two 
groups--inherent mineral  matter and extraneous mineral  matter. Inherent  mineral  
matter o r i g i n a t e s  a s  p a r t  of the  growing p l a n t  l i f e  from which c o a l  was formed. 
Under t h e  circumstances,  it has  a uniform d i s t r i b u t i o n  wi th in  t h e  coa l .  
mineral  mat te r  seldom exceeds 2 - 3 percent  of t he  coa l  (10). 

Inherent  

Extraneous mineral  ma t t e r  genera l ly  c o n s i s t s  of l a r g e  b i t s  and p i eces  of inor- 
ganic ma te r i a l  t yp ica l  of t h e  surrounding geology. 
mat te r  is so f i n e l y  divided and uniformly d ispersed  wi th in  the  c o a l  i t  behaves as 
inherent  mineral  mat te r .  Coal p repa ra t ion  can sepa ra t e  some of  t h e  ex t raneous  a s h  
from the  coa l  substance,  bu t  i t  seldom removes any of  t h e  inherent  minera l  matter. 

In some cases  t h e  ex t raneous  

The phys ica l  d i f f e r e n c e s  between inherent  and ex t raneous  ash  are important no t  
only t o  those  i n t e r e s t e d  in c lean ing  coal b u t  a l s o  t o  those  concerned wi th  t h e  f i r e -  
s i d e  behavior of coa l  ash .  Inherent  material is so in t ima te ly  mixed wi th  coa l  t h a t  
i t s  thermal h i s t o r y  is l i nked  t o  t h e  combustion of t h e  coa l  p a r t i c l e  in which it is 
contained. Therefore,  it w i l l  most l i k e l y  reach  a temperature in excess  of t he  gas  
in t h e  immediate surroundings.  
spec ie s  permi ts  chemical r e a c t i o n  and phys ica l  changes t o  occur so r a p i d l y  t h a t  t h e  
subsequent a sh  p a r t i c l e s  formed w i l l  behave as a s i n g l e  ma te r i a l  whose composition 
is def ined  by t h e  mixture of minera ls  contained wi th in  t h e  coa l  p a r t i c l e .  The at- 
mosphere under which the  ind iv idua l  t ransformat ions  take  p l ace  w i l l ,  no doubt,  ap- 
proach a reducing environment. 
mineral  matter a s  f ed  t o  t h e  combustor and the  f a t e  of t h e  minera ls  a f t e r  combus- 
t i o n  (11). 

The c lose  proximity of each spec ie s  wi th  every o t h e r  

F igure  1 i l l u s t r a t e s  a model of t he  coa l  and 

Extraneous materials can behave a s  d i s c r e t e  minera l  p a r t i c l e s  comprised of a 
s i n g l e  spec ie s  or a m u l t i p l i c i t y  of spec ies .  A s  a l ready  ind ica t ed ,  a po r t ion  of 
t h i s  material may be so f i n e l y  d iv ided  i t  can behave a s  inherent  mineral  matter. 
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During combustion the  l a r g e r  p a r t i c l e s  respond ind iv idua l ly  t o  the  r i s i n g  tempera- 
t u r e  of the  environment. In  t h e  absence of  carbon or o the r  exothermic r e a c t a n t s ,  
t h e  p a r t i c l e  should always be somewhat less than t h e  l o c a l  gas temperature.  How- 
eve r ,  t he  p a r t i c l e s  may be subjec ted  t o  e i t h e r  reducing o r  ox id i z ing  condi t ions .  
As each p a r t i c l e  r i s e s  in temperature,  i t  l o s e s  water of hydra t ion ,  evolves gas ,  
becomes oxidized o r  reduced ,  and eventua l ly  s i n t e r s  o r  melts, depending on its 
p a r t i c u l a r  composition o r  temperature l e v e l .  

It is evident ,  t h e n ,  t h a t  t he re  can be a g r e a t  d i f f e rence  in t he  f i n a l  s t a t e  
of each p a r t i c l e ,  depending upon i t s  composition and whether i t  is inherent  o r  ex- 
traneous ash .  Figure 2 summarizes the  phase t ransformat ions  which pure mineral  
m t t e r  commonly found in coa l  undergoes dur ing  hea t ing  (12,13,14).  Since t h i s  da ta  
was developed p r imar i ly  by minera logis t s  performing d i f f e r e n t i a l  thermal ana lys i s  
under a i r  a t  slow h e a t i n g  r a t e s ,  i t  must be  used only  as a gu ide l ine  f o r  p red ic t ing  
t h e  thermal behavior o f  minera ls  in coal .  Thermal shocking these  minera ls  in the  
presence of carbon and o the r  minera l  forms a t  very high temperatures,  no doubt,  w i l l  
a l t e r  some of these  t r ans fo rma t ions  and may defer  o t h e r s  u n t i l  postcombustion depo- 
s i t i o n  on hea t  t r a n s f e r  sur faces .  

Clays and Shale 

The melting tempera tures  of most pure minera ls  a r e  in t h e  v i c i n i t y  of or  
grea t ly  exceed t h e  maximum flame temperature encountered dur ing  combustion. There- 
fo re ,  the  fused sphe ro ida l  f l y  a sh ,  generated from the  minera l  matter in coa l ,  p r i -  
m a r i l y  forms as t h e  r e s u l t  of t h e  f lux ing  a c t i o n  between pure  minera ls  contained 
wi th in  each p a r t i c l e .  Both minerals 
contain small concen t r a t ions  of i r o n  and potassium and'form a g l a s sy  phase a t  95OoC 
and llOO°C, r e spec t ive ly .  Depending upon i t s  f l u i d i t y ,  t h i s  g l a s sy  phase could be 
respons ib le  f o r  s u r f a c e  deformation a t  a r e l a t i v e l y  low temperature and provide t h e  
necessary s t i c k i n g  p o t e n t i a l  t o  prevent reent ra inment  upon contac t ing  hea t  t r a n s f e r  
sur faces .  
i n  a thermal analyzer under a i r  t o  600 and 1000°C, r e spec t ive ly ,  and compared to  
t h e  l o w  temperature a s h  of  a g rav i ty  f r a c t i o n  void of i l l i t e .  
t r o n  photomicrographs, appearing i n  Figure 3 ,  i n d i c a t e  t h e  minera ls  conta in ing  
i l l i t e  d id ,  indeed, show s i g n s  of t he  formation of  a melt. 

I l l i t e  and b i o t i t e  appear t o  be an except ion .  

Low tempera ture  ash of a g r a v i t y  f r a c t i o n  conta in ing  i l l i t e  was heated 

The scanning e l ec -  

The inherent  s i l i ca  r e t a i n e d  i n  the  char a s  qua r t z  o r  s i l i c a  re leased  from 
k a o l i n i t e  and i l l i t e  at low temperatures ( i . e . .  95OOC) is p a r t i a l l y  reduced t o  
silica monoxide. Unl ike  s i l i c a  which b o i l s  a t  2230°C, s i l i c a  monoxide melts a t '  
1420°C and b o i l s  a t  2600°C (15).  The vapor p re s su re  of s i l i c o n  i s  low--in t h e  
range  of temperatures experienced during combustion. 
from 0.01m Hg a t  1157OC t o  lm Hg p res su re  a t  1852OC (15,16).  
mineral  mat te r  and carbonaceous ma te r i a l  appears t o  a l t e r  vapor p re s su re  substan- 
t i a l l y .  
za t ion  of  s i l i c o n  monoxide began a t  about 1150'C and reached a maximum a t  1400'C. 
Mackowsky r e p o r t s  t h a t  v o l a t i l i z a t i o n  of s i l i c o n  monoxide starts a t  about 1649OC in 
t h e  presence of  ca rbona te s  and c l ays  and reaches  a maximum a t  1704°C (17).  
presence of p y r i t e  or  m e t a l l i c  i r o n ,  v o l a t i l i z a t i o n  begins  a t  about 1560'C and con- 
t i nues  at a r ap id  r a t e  a s  t h e  temperature rises u n t i l  p r a c t i c a l l y  a l l  the  s i l i c a  in 
t h e  mineral is v o l a t i l i z e d .  Sarof in  has shown t h a t  about 1.5 t o  2.0 percent  of t he  
ASTM ash i n  bituminous c o a l s  v o l a t i l i z e  (18) .  Approximately 35 - 40 percent  of the  
v o l a t i l i z e d  material was s i l i c a .  
quar tz  appears t o  be r e l a t i v e l y  innocuous un le s s  contaminated by Fen03, CaO, o r  
K20. 

Honig r e p o r t s  va lues  ranging 
The presence of o ther  

When a mixture  of alumina s i l i c a t e  and g raph i t e  w a s  hea ted ,  t h e  v o l a t i l i -  

I 

Y 

I n  the  

1 

i The next l a r g e s t  component was i ron .  Extraneous 

\ 
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Pyr i t e s  

The decomposition of p y r i t e  has  been examined by numerous i n v e s t i g a t o r s  under 
oxid iz ing ,  neu t r a l ,  and reducing environments. TGA, r a t h e r  than DTA, has  been used 
by most inves t iga to r s .  Acquis i t ion  of r ep resen ta t ive  d a t a  is d i f f i c u l t ,  a s  t h e  de- 
composition process  is complex and s e n s i t i v e  t o  many v a r i a b l e s  inc luding  t h e  chemi- 
c a l  composition of p y r i t e s ,  i t s  g r a i n  s i z e ,  i ts  o r i g i n ,  t he  presence  of adven t i t i ous  
impur i t i e s ,  t he  composition of t h e  l o c a l  environment, and d i f f u s i o n  rates through 
su l f a t ed  layers .  Under oxid iz ing  cond i t ions  i t  is be l ieved  t h a t  p y r i t e s  decompose 
d i r e c t l y  t o  an i r o n  oxide and S O z  o r  SO3 or iron s u l f a t e  and SO2, depending upon 
t h e  f i n a l  temperature l e v e l .  Under reducing cond i t ions  p y r r h o t i t e  and e i t h e r  car -  
bon o r  hydrogen s u l f i d e  form. 
carbon d i s u l f i d e .  There i s  a l s o  a p o s s i b i l i t y  t h a t  p y r r h o t i t e  may form under oxi -  
d i z ing  condi t ions  a s  an in te rmedia te  s t e p  i n  t h e  presence  of s u f f i c i e n t  adven t i t i ous  
carbon. Pure p y r i t e s  i g n i t e  a t  about 500'C i n  t h e  thermal ana lyzer  a t  20°C/min and 
burn ou t  by 550°C i n  a s ing le-s tep  p rocess ,  a s  shown in Figure  5. 
i g n i t e  a s  r ead i ly  a s  bituminous c o a l ;  however, t h e  burnout time is comparable. A l -  
though pyr rho t i t e  i g n i t e s  r e a d i l y ,  i t  r e q u i r e s  a s  much time a s  a n t h r a c i t e  t o  com- 
p l e t e  combustion. P y r i t e s  conta in ing  small q u a n t i t i e s  of adven t i t i ous  carbon, a s  
might be found i n  the  -1.80 f 2 . 8 5  g r a v i t y  f r a c t i o n ,  appear t o  form p y r r h o t i t e ,  de- 
f e r r i n g  burnout u n t i l  800°F. 
f a c t  t h a t  p y r i t e  p a r t i c l e s  do no t  sh r ink  during t h e  combustion process  a s  do coa l  
p a r t i c l e s ,  and hence, t h e i r  burnout t i m e  is extended. The burnout t i m e  of p a r t i -  
cles i n  excess  of  4 0 ~  appears t o  exceed the  res idence  t i m e  a v a i l a b l e  in mst com- 
bus tors .  

Complete reduct ion  r e s u l t s  i n  elemental  i r o n  and 

Pure  p y r i t e s  do 

Within t h e  combustor t h e  problem is compounded by the  

TGA r evea l s  decomposition r a t e s  bu t  t e l l s  l i t t l e  about t h e  phys ica l  s t a t e  
during t h e  combustion process .  Phase diagrams f o r  t h e  Fe-S-0 and FeS-FeO system, 
represent ing  t r a n s i t o r y  s t a t e s  a t  t h e  p a r t i c l e  su r face ,  imply t h e  formation of a 
temporary melt a t  low temperatures.  SEM photomicrographs, appearing i n  Figure 5 ,  
of pure p y r i t e s  heated t o  6OO0C, 80OoC, and 1000°C under reducing  cond i t ions  c l e a r l y  
r e v e a l  t h e  formation of a m e l t  a t  t empera tures  a s  low as 600°C. Large p a r t i c l e s  of 
pa r t i a l ly - spen t  p y r i t e s ,  which may be molten on con tac t  wi th  t h e  hea t  t r a n s f e r  sur -  
f ace ,  complete t h e  ox ida t ion  process  in s i t u ,  forming a s o l i d  fused  depos i t  wi th  a 
very h igh  melting temperature.  

An examination of t h e  thermal behavior of t h e  mineral  mat te r  i n  c o a l  i n d i c a t e s  
t h e  minera l  o r i g i n  of t h e  elements found i n  coa l  a sh  and t h e i r  j ux tapos i t i on  wi th  
regard  t o  each o t h e r ,  a s  we l l  a s  o ther  minera l  forms, and determines t h e i r  phys i ca l  
f a t e  during combustion. A s  i nd ica t ed  in Figure  1 ,  t he  phys ica l  s t a t e  ( i . e . ,  vapor 
OK s o l i d )  and the  s i z e  of s o l i d i f i e d  a sh  w i l l  determine t h e  mode and r a t e s  of m i -  
g r a t i o n  t o  t h e  hea t  t r a n s f e r  su r f ace .  The phys ica l  state a t  t h e  tube su r face  w i l l  
depend upon t h e  l o c a l  su r f ace  temperature and t h e  composition of  t he  p a r t i c u l a t e  
depos i t ing .  
a l s o  play a s i g n i f i c a n t  r o l e .  

In t h e  case  of p y r i t e s  r e s idence  time and environment condi t ions  may 

CHARACTERIZATION OF MINERALS I N  COAL 

I 

The f i r e s i d e  behavior of minera l  mat te r  i n  coa l  has  been inves t iga t ed  by char- 
a c t e r i z i n g  the  minera l  conten t  of s e v e r a l  bituminous c o a l s ,  u s ing  s i z e  and g rav i ty  
f r ac t iona t ion  ana lys i s  of pu lver ized  coa l  and then f i r i n g  t h e  coa l  i n  a v e r t i c a l l y  
f i r e d  combustor. High s u l f u r  coa l s  con ta in ing  p y r i t e s  of vary ing  s i z e  and vary ing  
a s soc ia t ion  with carbonaceous and o the r  minera l  forms were s e l e c t e d  f o r  examination. 
A comparison was a l s o  made wi th  wes tern  subbituminous c o a l s  t o  a s s e s s  the  impact of 
potassium i n  the  minera l  i l l i t e  on fu rnace  s lagging .  
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Each coa l  was analyzed f o r  proximate, u l t ima te ,  ash chemistry,  and ash fus ion  
temperatures t o  permit eva lua t ion  us ing  convent iona l  da t a .  The pulver ized  coa l  
samples were then  d iv ided  i n t o  f o u r  s izes  r ep resen t ing  equal  weights ( i . e . ,  +105p, 
- 1 0 5 ~  +74p, -74p +44p, and -44p). Each s i z e  f r a c t i o n  was separa ted  i n t o  four  
weight c l a s s e s ,  thereby ,  p a r t i t i o n i n g  the  coa l  i n t o  groups dominated by coa l ,  non- 
p y r i t i c  minera l  ma t t e r ,  and p y r i t e s .  
chemistry,  a sh  fus ion  tempera ture ,  combustion p r o f i l e ,  and minera l  con ten t .  

The p a r t i t i o n e d  coa l  w a s  analyzed f o r  a s h  

The a n a l y t i c a l  d a t a  i s  summarized i n  F igure  6 .  The enclosed d a t a  p o i n t s  repre- 
s en t  t h e  composite ana lys i s .  The open da ta  p o i n t s  r ep resen t  t he  f r a c t i o n a t e d  spe- 
c i e s .  Ash so f t en ing  tempera tures  and percent  b a s i c  c o n s t i t u e n t s  were se l ec t ed  a s  
t h e  v a r i a b l e s  t o  c h a r a c t e r i z e  t h e  coa l ,  as they appear most f r equen t ly  in t h e  indi-  
ces used to  express  t h e  s lagging  or  fou l ing  p o t e n t i a l  of t h e  f u e l .  It  is q u i t e  
evident t h e  combustor i s  exposed t o  a sh  wi th  a wide range  of chemical compositions 
and melting temperatures not adequately i d e n t i f i e d  by a composite c o a l  ana lys i s .  
The data  i n d i c a t e s  s lagging  was most severe  wi th  c o a l s  having t h e  h ighes t  melting 
temperature and demonstrating t h e  g r e a t e s t  degree of s epa ra t ion  of a s h  from coal  
and p y r i t e s  from o the r  minera l  matter. The two coa l s  wi th  t h e  lowest composite ash 
sof ten ing ,  having the  h ighes t  s l agg ing  index by conventional eva lua t ion ,  caused the 
l e a s t  slagging. L ibe ra t ion  of minera l  matter from t h e s e  two coa l s  w a s  a l s o  the  
lowest.  

The d a t a  w a s  r e p l o t t e d  on f u s i b i l i t y  diagrams, appear ing  i n  Figure 7 ,  typ i -  
fy ing  the  coa l  wi th  t h e  g r e a t e s t  p a r t i t i o n i n g  of mineral  mat te r  and h ighes t  degree 
of  s lagging  and t h e  c o a l  w i th  t h e  l e a s t  l i b e r a t i o n  of minera l  mat te r  and degree of 
slagging. 
each ash spec ie .  It a l s o  shows t h e  degree of  l i b e r a t i o n  of nonpyr i t i c  and p y r i t i c  
mineral  matter. By washing the  worst  coa l  a t  1.80 s p .  gr. and 14M x 0 ,  thereby 
minimizing ex t raneous  a s h  a s  w e l l  a s  t o t a l  s u l f u r ,  t h e  degree of s lagging  of the  
Upper Freeport  coa l  w a s  g r e a t l y  reduced. 

The f u s i b i l i t y  diagram i l l u s t r a t e s  t h e  s i z e  and weighted con t r ibu t ion  of 

COMBUSTION TESTING 

Deposits were removed from va r ious  l o c a t i o n s  in t h e  combustor a f t e r  f i r i n g  
each coal f o r  -14 - 16 hours .  
51OoC, f o u l i n g  probes a t  510 - 537OC, and r e f r a c t o r y  su r faces  a t  537 - 1204OC 
and examined us ing  t h e  scanning e l ec t ron  microscope and energy d i spe r s ive  x-ray. 
F ly  a s h  samples were a l s o  examined f o r  carbon loss, su r face  morphology, and chemi- 
c a l  composition. 

Samples w e r e  removed from s l agg ing  probes a t  398 - 

The depos i t s  forming on t he  s lagging  probes were i n i t i a t e d  by a t h i n  layer  of 
powdery f l y  ash ,  <8p i n  s i z e ,  enr iched  wi th  small  q u a n t i t i e s  of potassium. Beads 
o f  slag formed on top of  t h i s  t h i n  l aye r  when t h e  su r face  temperature approached 
t h e  i n i t i a l  deformation temperature of t h e  depos i t .  
formation of r i v u l e t s  from which a continuous phase of molten s l a g  formed. 
posits forming on t h e  r e f r a c t o r y  su r face  r ep resen t  an  advanced s t a g e  of s l a g  due t o  
t h e  higher su r face  tempera tures  which could only be achieved on t he  cooler  probes 
a f t e r  t h e  i n i t i a l  dus t  l aye r  formed. 
temperatures of t h e  s l a g  resemble t h a t  of t h e  heav ie s t  g r a v i t y  f r a c t i o n  ( i . e . ,  
>1.80 sp. g r . )  in most cases .  
furnace probes  subjec ted  to  a x i a l  symmetric flow a t  low g a s  v e l o c i t i e s  (5 - 6 
f t /s) ,  i l l u s t r a t e d  in Figure  8 ,  show t h a t  t h e  i n i t i a l  l aye r  of d u s t ,  upon which 
f u r t h e r  s l agg ing  depends, formed only when f i r i n g  c o a l s  whose a sh  contained more 
than 1 percent  potassium. 
is dependent upon t h e  t o t a l  p y r i t e s  l i b e r a t e d  from t h e  c o a l .  

Growth progressed  with the  
De- 

The composite a sh  chemistry and a s h  fus ion  

Macrophotographs of t h e  depos i t  formation on the  

Continued depos i t  growth r e s u l t i n g  i n  se r ious  slagging 
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SEM microphotographs and EDAX scans  of t he  c r o s s  sec t ion  and ou te r  su r f ace  of 
t he  s l a g  depos i t ,  i l l u s t r a t e d  i n  F igure  9 ,  i n d i c a t e  the  chemistry of t h e  depos i t  
is no t  uniform. The bulk of t h e  fused  ma te r i a l  is r i c h  i n  s i l i c a ,  low i n  i r o n ,  and 
v i r t u a l l y  depleted of potassium. The outermost l a y e r s ,  no more than 2 t o  311 t h i c k ,  
a r e  very r i c h  i n  i ron  and f r equen t ly  a l s o  r i c h  i n  calcium. On occas ions ,  the o u t e r  
sur face  is covered wi th  small  p a r t i c u l a t e  s eve ra l  microns i n  diameter or undissolved 
cubic o r  oc tahedra l  c r y s t a l s  whose o r i g i n  is p y r i t e s .  S i m i l a r  format ions  have been 
observed i n  f u l l - s c a l e  opera t ion .  The evidence i n d i c a t e s  depos i t s  form under a x i a l  
symmetric flaw condi t ions  in  t h e  furnace  by the  f lux ing  a c t i o n  a t  t h e  h e a t  t r a n s f e r  
su r f ace  of small  p a r t i c l e s ,  4 1 . 1  i n  d iameter ,  of dec idedly  d i f f e r e n t  chemical com- 
pos i t i on  and mineral  source.  Migration of t h e  f l y  ash  t o  t h e  su r face  is by means 
of  eddy d i f fus ion ,  thermophoresis,  o r  Brownian motion. 

S in te red  depos i t s  form a t  t h e  furnace  e x i t  a t  lower gas temperatures and i n  
zones subjec t  t o  r ap id  changes i n  d i r e c t i o n .  The depos i t  is composed of sphero ida l  
p a r t i c l e s  (4011 bound toge ther  by a molten subs tance .  In  those c a s e s  where substan- 
t i a l  q u a n t i t i e s  of coarse  p y r i t e s  a r e  l i b e r a t e d  from t h e  pulver ized  c o a l ,  t h e  sphe- 
r o i d s  a r e  near ly  pure Fe203, a s  shown i n  Figure 10. The matrix conta ined  s i l i c a ,  
alumina, i ron ,  and potassium and has an i n i t i a l  deformation temperature of 1000°C, 
as determined by d i f f e r e n t i a l  thermal ana lys i s .  
depos i t  as a r e s u l t  of i n e r t i a l  impact. The mineral  source of t h e  molten phase is 
mst l i k e l y  i l l i t e .  

The heavier  pure  i r o n  sphero ids  

Deposits a l s o  form on t h e  l ead ing  edge of t h e  f i r s t  row of tubes  i n  t h e  convec- 
t i o n  pass  when f i r i n g  coa l s  which l i b e r a t e  pure ,  coarse  p y r i t e s .  These tubes  a r e  
subjected t o  high gas v e l o c i t i e s  and have moderate t o  h igh  c o l l e c t i o n  e f f i c i e n c i e s  
f o r  p a r t i c l e s  between 40 and 100~. The depos i t s  are nea r ly  pure Fe203. They a r e  
hard and fused desp i t e  be ing  a t  gas  temperatures below t h e i r  i n i t i a l  deformation 
temperature.  No doubt, t h e  f i n a l  s t ages  of decomposition of the  p y r i t e s  t akes  
p lace  a t  t h e  tube  su r face .  

CONCLUSIONS 

The formation of f i r e s i d e  depos i t s  i n  furnaces  depends on t h e  composition, 
s i z e ,  and a s soc ia t ion  of minera l  matter l i b e r a t e d  from t h e  coa l .  S e l e c t i v e  deposi-  
t i o n  of s p e c i f i c  mineral  spec ie s  depends on t h e i r  s i z e ,  thermal behavior ,  t h e  l o c a l  
gas temperatures,  and t h e i r  mode of t r a n s p o r t  t o  t h e  sur face .  Consequently,  t h e  
composition of t h e  s i n t e r e d  depos i t  o r  molten s l ag  may vary  wi th  t ime a t  a given 
loca t ion  and w i l l  most probably vary throughout t he  combustor, depending on l o c a l  
temperatures and fluidynamics.  The composition of t h e  s l a g  may be s u b s t a n t i a l l y  
d i f f e r e n t  from t h e  composite coa l  a sh ,  depending upon i t s  he terogenei ty .  I l l i t e  is 
a l i k e l y  candidate a s  t h e  mineral  most r e spons ib l e  f o r  i n i t i a t i n g  depos i t s .  The 
molten phases a re  f requent ly  p a r t  of t h e  FeO-Si02 o r  Fe0-CaO-SiOZ system and depend 
on t h e  in t e rac t ion  of qua r t z ,  c a l c i t e ,  o r  p y r i t e s  a t  t he  hea t  t r a n s f e r  su r f ace .  
Liberated p y r i t e  c r y s t a l s  and small p a r t i c l e s  a r e  primary candida tes  f o r  s l a g  f o r -  
mation subjected t o  p a r a l l e l  flow regimes a t  low v e l o c i t i e s .  
be s e l e c t i v e l y  deposited and so le ly  r e spons ib l e  f o r  depos i t  formation on su r faces  
subjec ted  t o  f l u e  gas impingement a t  high v e l o c i t i e s .  

Coarse p y r i t e s  can 
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Figure 2 Phase Transformation of Some Mineral Matter Commonly Found i n  Coal 
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Figure 4 TGA Thermograms Comparing t h e  Decomposition of Various Grades of 
P y r i t e s  with Various'Ranks of Coal 
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INFLUENCE OF THERMAL PROPERTIES OF WALL DEPOSITS ON 
PERFORMANCE OF P.F. FIRED BOILER COMBUSTION CHAMBERS 

W. Richter, R. Payne, and M.P. Heap 

Energy and Environmental Research Corporation 
I r v ine ,  CA 92714 

1.0 INTRODUCTION 

The bui ld-up o f  ash deposi t  l aye rs  on tube wa l l s  and superheaters i n  dry  
bo t tom p . f .  b o i l e r  combustion chambers n o t  o n l y  d e t e r i o r a t e s  furnace and 
ove ra l l  b o i l e r  e f f i c i ency ,  bu t  increases the temperature l e v e l  i n  furnace and 
c o n v e c t i v e  passages and aggravates e x i s t i n g  d e p o s i t  problems. This can 
f i n a l l y  lead t o  expensive outages when deposit formation cannot be c o n t r o l l e d  
by s o o t  b low ing  a lone.  S ince e r r o r s  i n  f u r n a c e  des ign  w i th  r e s p e c t  t o  
s l a g g i n g  and f o u l i n g  o r  wrong e s t i m a t i o n  o f  impac t  o f  f u e l  conversion on 
d e p o s i t  f o rma t ion  a r e  so c o s t l y  i n  l a r g e  b o i l e r s ,  t h e r e  i s  considerable 
f i n a n c i a l  i ncen t i ve  t o  develop a n a l y t i c a l  methods i n  order t o  p r e d i c t  furnace 
performance f o r  a wide range of coal types and operating condi t ions.  It i s  
c l e a r  t h a t  such methods must take q u a n t i t a t i v e l y  i n t o  account, among other  
things, the thermal proper t ies o f  ash deposits. 

The p r o p e r t i e s  which determine heat t r a n s f e r  through a deposi t  l a y e r  o f  
g i v e n  thickness are thermal conduct iv i ty ,  emiss iv i ty ,  and abso rp t i v i t y .  The 
c u r r e n t  paper p resen ts  r e s u l t s  f rom v a r i o u s  s t u d i e s  c a r r i e d  o u t  by  t h e  
au tho rs  a t  Energy and Environmental Research Corporation (EER) t o  show the 
s e n s i t i v i t y  o f  o v e r a l l  furnace performance, l o c a l  temperature and heat f l u x  
d i s t r i b u t i o n s  on the p roper t i es  o f  deposits i n  l a r g e  p.f. f i r e d  furnaces. 

2.0 PARAMETRIC STUDY OF OVERALL FURNACE PERFORMANCE 

The most i m p o r t a n t  parameters f o r  ove ra l l  furnace heat absorption are 
t h e  a d i a b a t i c  f l ame temperature, the f i r i n g  densi ty  per heat s ink area, the 
e m i s s i v i t y  o f  t h e  fu rnace  volume, temperature and e m i s s i v i t y  of the heat  
s i n k s  and the  f l o w  and h e a t  r e l e a s e  p a t t e r n s .  F i g u r e  1 shows how these 
q u a n t i t i e s  a r e  r e l a t e d  i n  a comp lex  manner  t o  each o t h e r ,  t o  f u e l  
c h a r a c t e r i s t i c s  and t o  o p e r a t i n g  and boundary cond i t i ons  o f  the furnace. 
Some of the re la t i onsh ips  o f  F igure 1 were approximately q u a n t i f i e d  u t i l i z i n g  
a s imp le  w e l l - s t i r r e d  f u r n a c e  model (1) which assumed t r a n s p o r t  o f  grey 
r a d i a t i o n .  Two i m p o r t a n t  r e s u l t s  f o r  furnace performance w i t h  respect  t o  
f o r m a t i o n  o f  d e p o s l t s  a re  shown i n  F i g u r e s  2 and 3, I n  wh ich  f u r n a c e  

I 

I e f f i c i e n c i e s  qf, 
Tex  

I - y Z l -  i o  c p  1 T O  ( T e x  - TO) 1) 
40 

a r e  p l o t t e d  ove r  fu rnace  h e i g h t  L w i th  surface temparatures Tw o f  deposits 
and surface emiss i v i t i es  EW as parameters. The ca l cu la t i ons  were c a r r i e d  ou t  
f o r  a r e c t a n g u l a r  f u rnace  box o f  w i d t h  L/3. Other  i n p u t  parameters are 

I 
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l i s t e d  i n  the Figures. The grey absorption c o e f f i c i e n t  Ka o f  0.1 l / m  used i n  
the examples corresponds t o  an emiss i v i t y  ef = 0.55 f o r  a furnace volume w i th  
a he ight  o f  L = 30m. The e f f e c t  o f  deposit surface temperature Tw on furnace 
e f f i c i e n c y  qf i s  c o n s i d e r a b l e  f o r  va lues  l a r g e r  than 700 K (Fig. 2 ) .  For 
i n s t a n c e  a f u r n a c e  e f f i c i e n c y  o f  0.40 ( c o r r e s p o n d i n g  t o  Tex = 1440 K 
a c c o r d i n g  t o  Equa t ion  1) was obtained f o r  Tw = 700 K (see Section 3 and 4). 
The L must be i n c r e a s e d  b y  16.5m o r  53% o f  t he  o r i g i n a l  he ight  w i t h  clean 
w a l l s  t o  achieve the same furnace e f f i c i e n c y  f o r  a furnace with wa l l  deposit 
o f  surface temperature 1300 K.* The impact o f  wa l l  temperature on I]f w i l l  be 
even s t r o n g e r  f o r  a d i a b a t i c  f lame tempera tu res  l e s s  than  2200 K. Such 
a d i a b a t i c  f l a m e  temperatures can occur when f i r i n g  l i g n i t e  o r  high-moisture 
c o a l s .  F o r  f u r n a c e s  o p e r a t e d  w i t h  t h e  same t h e r m a l  i n p u t  a t  l o w  
e f f i c i enc ies ,  the presence o f  wal l  deposits requi res on ly  a moderate increase 
i n  size. 

A r e d u c t i o n  o f  surface emiss i v i t f es  from 1 (clean "sooty" wa l l s )  t o  0.4 
(wh ich  i s  t h e  l o w e s t  range r e p o r t e d  f o r  ash deposits (see Section 3 )  also 
causes a d rop  o f  I ] f  ( F i g .  2 ) .  However, t h e  r e q u f r e d  increase i n  s i ze  t o  
m a i n t a i n  ?If i s  s m a l l e r  t h a n  f o r  the change o f  deposi t  surface temperatures 
f r o m  700 K t o  1300 K ment ioned above. The s i z e  changes non- l inear  wi th  
changes o f  surface temperature but  near ly  l i n e a r l y  w i t h  between .sW = 1 and 

= 0.5. Beyond = 0.2, L must increase non- l i nea r l y  t o  maintain furnace 
e f f i c i e n c y  . 

When a d e p o s i t  l a y e r  i s  formed, s u r f a c e  temperature i s  increased and 
wa l l  em iss i v i t y  decreased. However, t he  superposi t ion o f  these e f f e c t s  on qf 
i s  l e s s  than a pure sumnation; since, by decreasing eW, the ne t  heat f l u x  t o  
the l aye r  i s  reduced, thus r e t a r d i n g  the increase o f  surface temperature t o  a 
c e r t a i  n extent. 

3.0 AVAILABLE DATA OF THERMAL PROPERTIES OF 
ASH DEPOSITS AND DATA ANALYSIS 

Thermal C o n d u c t i v i t y .  A comprehensive review o f  l i t e r a t u r e  data fo r  
thermal  c o n a u c t i  v i  ty I( o f  ash d e p o s i t s  was published by Wall e t  a l .  ( 2 ) .  
The thermal conductance, k, o f  t h e  ash mater ia l  increases r e v e r s i b l y  wi th  
temperature u n t i l  s i n t e r i n g  o r  f u s i o n  occurs. A t  t h i s  stage, a r a p i d  and 
i r r e v e r s i b l e  increase o f  k i s  observed. Typical values o f  k f o r  non-sintered 
deposits from Aus t ra l i an  coals  i n  actual  furnaces vary between 0.1 10-3 KW/mK 
a t  500 K up t o  0.4 10-3 KW/mK a t  1300 K. The fac to rs  c o n t r i b u t i n g  t o  the 
thermal  conductance i n  the powdered deposits are: Conductance i n  the s o l i d  
p a r t i c l e s .  gas c o n d u c t i o n  I n  the v o i d s  and r a d i a t i v e  t r a n s f e r  through the 
vo ids .  F e t t e r s  e t  a l .  recen t l y  measured k f o r  b o i l e r  deposits o f  an Indiana 
Coal ( 3 )  and p o i n t  o u t  t h a t  t h e  dominant mode o f  heat t r a s f e r  through the 
d e p o s i t  l a y e r  i s  by r a d i a t i o n  a t  h igh temperature. The values o f  k measured 
fo r  powdery deposits by Fe t te rs  e t  a l .  are about 2 t imes l a r g e r  than those of 

~~ 

* l m  o f  furnace he igh t  corresponds t o  = 500,000t. 
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Wall e t  al .  (2) a t  the same temperature. This is contributed t o  the relative 

I l a r g e  p a r t i c l e  s i z e s  of the Indiana coal ash (75% i n  the  1OOPm. range) 
compared t o  the  Australian coal ash w i t h  mean weight particle diameters Of 
5qUm and less. 

Thermal c o n d u c t i v i t y  of s in t e red  and fused depos i t s  found by the 
Australian researchers range from 0.5 10-3 KW/ mK a t  800 K t o  1.2 KW/mK 
a t  1500 K .  T h i s  i s  cons i s t en t  w i t h  the recent findings of Fetters e t  a l .  
( 3 )  f o r  crushed depos i t s  from a bo i l e r  f i r e d  w i t h  Indiana coal and other 
l i t e r a t u r e  values ( 4 ) .  The increase of thermal conductivi'ty of sintered and 
fused deposits i s  due t o  a decrease of void space and  increased trans- 
missivity of the material. Assuming uniform mean conductivity, the thickness 
of a s in t e red  depos i t  l ayer  which maintains fusion a t  i t s  surface can be 
estimated by 

where T f u  i s  the a s h  fusion temperature, T t  a the temperature of the outer 
sur face  of the  tubes and q i n  the incident h e a t  flux density. W i t h  typical 
values k = 0.8 10-3 KW/mK, Tfu = 1550 K ,  EW = 0.7, T t , a  = 750 K and q * n  = 400 
KW/m2 the layer thickness w i t h  a wet surface would be about 8 mn. Wall e t  a l .  
emphasize t h a t  values of k obtained from g r o u n d  depos i t s  i n  labora tory  
s tud ie s  a re  questionable since bounding of the deposit occurs i n  s i tu which 
leads t o  an increase of k .  This agrees w i t h  our results for  a 700 MWe boiler 
which yielded an overall value of k = 3.2 KW/m2K for deposits which could not 
be removed by soot blowing (see Section 41. 

Emissivity and Absorptivity 

Reviews of emissivity data of ash deposits were given by Wall e t  al .  
( 2 )  and recent ly  by Becker ( 5 ) .  The l i t e r a t u r e  data has a considerable 
spread of emiss iv i ty ,  between values of E,,, = 0.9 and eW = 0.3 depending on 
temperatures, ash origin and probe preparation. However, general agreement 
e x i s t s  t h a t ,  f o r  non-sintered material eW decreases reversibly w i t h  surface 
temperature. After s i n t e r i n g ,  the emissivity changes i r revers ib le ly  to  
higher values ( 2 ) .  T h i s  agrees w i t h  measurements of furnace generated 
depos i t s  of American coa ls  carried out by Goetz e t  al .  (6) .  These authors 
r epor t  values between 0.38 and 0.67 for powdery ( i n i t i a l )  deposits, values 
between 0.76 and  0.93 f o r  s in t e red  depos i t s  and values 0.65 and 0.85 for  
glassy and or molten deposits. The increase of emissivity w i t h  sintering and 
fusion i s  due to increased transmission of radiation into the surface of the 
depos i t  l aye r .  In the  range o f  sur face  temperatures of in te res t ,  namely 
between 800 K and 1400 K ,  measured total emissivities on probes of sintered 
real furnace deposits exhibit only s l igh t  variations w i t h  surface temperature 
(51 ,  ( 6 ) .  However, measurements by Becker of spec t r a l  emissivit ies of 
depos i t s  on laboratory prepared probes showed distinctive non-grey behavior. 
For typical flame temperatures of 1700 K and typical surface temperatures of 
1100 K ,  u p  t o  0 . 2  h ighe r  values were found f o r  e m i s s i v i t i e s  than f o r  
absorptivites. Non-greyness of emission and absorption is  typical for glassy 
material  and i s  due to  the low spectral absorptivities a t  short wavelengthes 
which becomes dominant f o r  r ad ia t ive  t r a n s f e r  a t  more e leva ted  flame 
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temperatures.  The assumption o f  g rey  r a d i a t i o n  o f  f u rnace  deposits and 
consequent use of grey emiss i v i t y  values f o r  determination o f  absorption may 
l e a d  t o  e r r o r s  i n  h e a t  t r a n s f e r  c a l c u l a t i o n s  f o r  f u rnaces  w i t h  moderate 
d e p o s i t s  s i n c e  a t  l o w e r  s u r f a c e  temperatures absorpt ion i s  several times 
l a r g e r  than  re -emiss ion .  By p e r f o r m i n g  de ta i l ed  one-dimensional spectral 
calculat ions, Becker showed t h a t  f o r  a 10 m path length, t y p i c a l  o f  furnaces, 
and r e l a t i v e l y  c o o l  w a l l s  e r r o r s  up t o  +30% i n  p r e d i c t e d  n e t  h e a t  f l u x  
d e n s i t i e s  would r e s u l t  f r o m  t h e  assumption t h a t  t h e  d e p o s i t s  were grey. 
However, t hese  f i n d i  ngs a r e  based on spec t ra l  values found f o r  1 aboratory 
prepared probes. Spectral measurements o f  rea l  furnace deposits show reduced 
non-grey behavior ( 5 ) ,  ( 6 )  and higher e m i s s i v i t i e s  than the laboratory  probes 
(6 ) .  Moreover, c o l o r i n g  agents such as unburnt carbon as w e l l  as the rough 
su r face  s t r u c t u r e  o f  r e a l  deposi ts  and tube curvatures tend t o  make b o i l e r  
su r faces  more c l o s e l y  approx imate g rey  behavior. Thus, t he  importance o f  
non -g rey  d e p o s i t s  i s  u n c e r t a i n  i n  b o i l e r  chambers and, i n  any case, 
i n s u f f i c i e n t  i n f o r m a t i o n  i s  avai lab le t o  recomnend rep lac ing  the assumption 
of grey r a d i a t i o n  o f  d e p o s i t s  c u r r e n t l y  used i n  3-D f u rnace  models (see 
Section 4)  by expensive more r igorous spect ra l  models. 

4.0 PREDICTIONS OF INFLUENCE OF WALL OEPOSITS 
ON HEAT TRANSFER I N  EXISTING BOILERS 

On t h e  b a s i s  on t h e  l i t e r a t u r e  values o f  thermal proper t ies discussed 
above a considerable number o f  performance p red ic t i ons  have been c a r r i e d  out  
f o r  e x i s t i n g  b o i l e r  combustion chambers i n  the past two years. Some resu l t s  
o f  those c a l c u l a t i o n s  w i t h  relevance t o  the impact o f  ash deposits on heat 
t r a n s f e r  f o l l o w .  The t o o l  used f o r  the analys is  i s  an extreme f l e x i b l e  3-D 
Monte-Carlo t y p e  zone model ( 7 ) ,  (8). I n  t h i s  model, t he  emissive power o f  
each  vo lume and s u r f a c e  zone i s  d i s t r i b u t e d  i n t o  a d i s c r e t e  number o f  
r a d i a t i v e  beams. Taking m u l t i p l e  r e f l e c t i o n  a t  furnace wa l l s  i n t o  account, 
t h e  beams a r e  t r a c e d  th roughou t  the furnace volume u n t i l  f i n a l  absorption. 
Non-greyness o f  t h e  combust ion produts i s  modeled w i t h  a weighted grey gas 
approach. The r a d i a t i n g  species considered are H20, C02 and pa r t i cu la tes  
( s o o t ,  char and ash). Currently, char and ash p a r t i c l e s  are t rea ted  as grey 
r a d i a t o r s .  The model o f  r a d i a t i v e  exchange i s  d i r e c t l y  coupled w i th  a t o t a l  
heat balance o f  volume and surface (deposi t )  zones w i t h  unknown temperatures. 
The c a l c u l a t i o n  o f  c o n v e c t i v e  h e a t  f l u x e s  through the furnace i s  based on 
mass f l o w  v e c t o r s  a t  t h e  boundary o f  each zone o b t a i n e d  f rom isothermal 
modeling. The h e a t  r e l e a s e  p a t t e r n  i s  based on t h i s  f l o w  f i e l d .  The heat 
r e l e a s e  due t o  v o l a t i l e  combustion i s  based on observed v i s i b l e  flame length 
and t h e  h e a t  r e l e a s e  due t o  bu rnou t  o f  cha r  p a r t i c l e s  i s  ca lcu lated from 
carbon and oxygen ba l  ances solved simultaneously w i  t h  the heat balance. 

Example 1: Tangent ia l ly  Coal-Fired B o i l e r  

This  s t u d y  was c a r r i e d  ou t  t o  i nves t i ga te  the in f luence o f  ash deposits 
i n  a t w i n  furnace o f  a b o i l e r  o r i g i n a l l y  designed t o  f i r e  No. 6 o i l  a t  a net 
thermal  i n p u t  of 1000 MWt.  However, t h e  thermal i n p u t  of the furnace was 
reduced t o  590 MWt t o  i nves t i ga te  the prospects o f  f i r i n g  coal i n  t h i s  un i t .  
The c o a l  c o n s i d e r e d  was a Utah coa l  w i t h  8.8% ash content f i r e d  w i t h  30% 
excess a i r .  F i g u r e  4 shows the zoning o f  the furnace and the  assumed f low 
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I pa t t e rns .  The heat re lease  d u e  t o  combustion i s  indicated by the shaded 
area. The surface conditions were specified by the following i n p u t  data: 

Case A Clean surfaces, emissivity of tubes eW = 0.9 
Case B Powdery ash deposi t ,  = 0.6, As = 0.5mn, k = 0.3 KW/mK 
Case C Properties of ash depos i t  l aye r  i n  upper part of the furnace 

(above hea t - re lease  zone) as specified for Case 6; glassy ash 
deposit  l ayer  i n  lower part of the furnace w i t h  e t  = 0.8, AS = 
7mn, K = 1 10-3 KWImK. 

The properties for the powdery (primary) and for the glassy (molten) deposit 
l ayer  of the  Cases B and C correspond t o  average data from l i t e r a tu re  as 
c i t e d  above. The actual ca l cu la t ions  were c a r r i e d  out w i t h  an effective 
emiss iv i ty  of the t u b e  wal l s  tak ing  the shadow e f fec t  of the gap between 
adjacent tubes i n t o  account. 

Table 1 and Figures 5 through 7 show tha t  the bui ld-up  of ash deposits 
s e r ious ly  a f f e c t s  overall and local heat transfer. The difference (A*) i n  
computed furnace e f f i c i e n c i e s  for the extreme cases, A (clean walls) and C 
(h ighes t  thermal resistance),  i s  6.2 percentage points. The formation of a 
f i r s t  i n i t i a l  deposit  layer (Case B1 has a stronger impact on heat transfer 
than subsequent increase  of depos i t s  i n  the  lower furnace (Case C l .  The 
increase  of the thickness of ash deposit opposite t o  the heat release zone 
d isp laces  the  peak heat f luxes  up into the regions of the thinner deposits 
( F i g .  6 ) .  This i s  one reason why the b u i l d  u p  of depos i t  l aye r s ,  once 
s t a r t e d ,  spreads i n t o  adjacent wall zones. Once the deposit layers begin  
growing, surface temperatures can soon reach values i n  the range between 
sof ten ing  (1400 K )  and fusion temperature (1500 K) as indicated by shaded 
areas i n  Fig. 7. The furnace model is  also able to  predict, fo r  a given coal 
a s h  fusion temperature approximately the  development and extent of molten 
slag layers. 

Another i nves t iga t ion  showed f o r  the same boiler f ired w i t h  COM a t  a 
r a t e  of 875 M W t ,  showed t h a t  a decrease of sur face  emiss iv i ty  from 0.9 
( c l ean )  t o  0.6 ( i n i t i a l  deposit) raised mean furnace ex i t  temperature by 55 
K. 

Example 2 Opposed P.F. Fired Boiler 

This study was ca r r i ed  o u t  i n  order t o  ve r i fy  the 3-D furnace heat 
t r a n s f e r  model w i t h  performance data ava i l ab le  from a coal-fired, boiler 
combustion chamber of 1732 M W t  fuel  hea t  i n p u t .  The coal had a medium 
v o l a t i l e  content, an ash content of 6.6%, and was fired w i t h  28% excess a i r .  

tu rbulen t  components were superimposed on these vectors w i t h  the help of a 
simple model of turbulence. Fig.  8 shows a comparison of the profiles of gas 
temperatures measured and predicted for 100% Load i n  one half of the furnace 
o u t l e t  plane. The difference between predicted and measured values was less  
than 25 K.  The good agreement i s  par t ia l ly  due t o  a reasonable assumption of 
the  e f f e c t i v e  heat conduction coefficient (k/As)eff of the deposit layers. 
F i g .  9 shows how the predicted mean furnace ex i t  temperature varied w i t h  (k/A 

I 

I 

I In t h i s  case,  the  flow pa t te rn  was based on detailed distribution of mass 
I mean flow v e c t o r s  measured i n  a physical isothermal model. However, 
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s ) e f f  and compares t h o s e  p r e d i c t i o n s  w i t h  two da ta  p o i n t s  obtained f r o m  
measured heat balances o f  the b o i l e r  imnediately a f t e r  soot blowing and 20 h 
a f t e r  s o o t  b l o w i n g .  S i n c e  measurements and  o b s e r v a t i o n s  y i e l d e d  
approximately a 2mn deposi t  layer ,  which could n o t  be removed by soot blowing 
an e f f e c t i v e  thermal conduc t i v i t y  of 3.2 10-3 /mK can be deduced. An assumed 
v a l u e  o f  k = 0.8 10-3 KW/mK f o r  a d r y  p a r t i a l l y  s i n t e r e d  deposi t  would 
suggest t h e  b u i l d - u p  o f  an a d d i t i o n a l  l a y e r  o f  1.5 mm, 20 h a f t e r  soo t  
blowing f o r  a t o t a l  l a y e r  o f  3.5 mn thickness. 

F ig .  9 a l s o  c o n t a i n s  t h e  r e l a t i o n s h i p  o f  Tex = f (k /As)  f o r  a s i m i l a r  
b o i l e r  o f  1250 M W t  h e a t  i n p u t  i n  which s l a g g i n g  and f o u l i n g  problems are 
encountered. F u r t h e r  app l i ca t i ons  o f  the 3-D furnace model w i th  respect t o  
impact o f  wal l  deposits on heat t rans fe r  i n  CWM and COM f i r e d  furnaces may be 
found i n  ( 5 1 ,  (10). 

5.0 CONCLUSIONS 

Thermal c o n d u c t i v i t y  and emiss i v i t y  o f  wa l l  deposits have a considerable 
e f f e c t  on h e a t  t r a n s f e r  i n  l a r g e  b o i l e r s .  T h i s  r e s u l t s  i n  temperature 
d i f f e r e n c e s  o f  f u r n a c e  e x i t  t empera tu res  which i n f l u e n c e  furnace height, 
performance and c o s t s .  More e x a c t  va lues  o f  d e p o s i t  thermal properites, 
wh ich  v a r y  ove r  a wide range o f  temperatures and condit ions, than cu r ren t l y  
a v a i l a b l e  a r e  needed f o r  d e t a i l e d  p r e d i c t i o n  o f  t he  i n i t i a l  formation o f  
d e p o s i t  1 ayers. However, gross c h a r a c t e r i s t i c s  o f  thermal proper t ies can be 
assumed and are s u f f i c i e n t  t o  est imate the  performance o f  furnaces, since the 
model conta ins other  major unce r ta in t i es  such as, thickness and inhomogenous 
d i s t r i b u t i o n  o f  d e p o s i t s  a t  f u rnace  w a l l s  and superheaters .  Th is  i s  
e s p e c i a l l y  t r u e  between s o o t  b l o w i n g  cycles. The 3-D heat- t ransfer  model 
used i n  t h e  p r e s e n t  s t u d y  has t h e  p o t e n t i a l  t o  f o r m  t h e  b a s i s  o f  a more 
comprehensive model o f  slagging and f o u l i n g  because i t  can provide r e l i a b l e  
p r e d i c t i o n s  of f l a m e  and deposi t  temperatures. A model o f  ash t ranspor t  i s  
c u r r e n t l y  b e i n g  c o u p l e d  w i t h  t h e  fu rnace  h e a t  t r a n s f e r  model which w i l l  
account f o r  t ime-temperature h i s t o r i e s  o f  ash and wa l l  c o l l i s i o n s .  
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Introduction 

tendency of the fuels t o  foul and slag. A large number of correlations based on 
the oxides of an ash produced in the laboratory ex i s t  ( 1 , Z ) .  The success o f  these 
correlations has been limited t o  the range of ash properties for which they were 
developed, and even then, these relationships may be unreliable. For instance, 
existing correlations can predict whether a fuel will create deposition problems 
i n  boilers rarely,  occassional l y ,  or frequently for  approximately 50 percent of 
the fuels. An accuracy only s l i gh t ly  better t h a n  random guess (3 ) .  

Potential problems using available techniques have been discussed in the l i t -  
erature (2,3,4,5). 

Proper design and operation of coal-fired boilers requires prediction of the 

The problems resul t  from: 
Preparation and analysis of the ash ( 6 )  

0 Ignoring the dis t r ibut ion and individual nature of mineral 
matter (4 ,6 )  
Neglecting the influence of ash content (7)  
Ignoring the design of the boilers including heat release r a t e ,  
heat fluxes and velocity profiles (3,8,9) 

In  addition the correlation should n o t  be used for  coals with properties outside 
the range fo r  which the correlations were developed. 

dict  performance, effor ts  t o  develop and verify new techniques to  predict prefor- 
mance, and application of these techniques t o  predict the slagging and fouling 
behavior of European brown coals. 

This paper describes the limited success of applying such techniques t o  pre- 

Prediction of Slaggi ng Performance 
Slaggirig performance of coals in boilers has been predicted by: 

0 temperature of c r i t i c a l  viscosity,  
0 the base t o  acid r a t io ,  
0 and the..base t o  acid r a t io  multiplied by the sulfur content of 

the coal. 
Predictions of slagging and fouling using these relationships are  compared 

t o  boiler performance f o r  the s ix  European brown coals l i s t ed  in Table 1 .  The 
calculated indicies and estimated and actual performance of the fuels are shown in 
Table 2.  

changes from plast ic  to Newtonian behavior. 
by soot blowing. As a consequence, fuels with low temperatures of c r i t i c a l  vis- 

The temperature of c r i t i c a l  viscosity i s  the teqperature a t  which the slag 
Plast ic  slags are d i f f i cu l t  t o  remove 
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c o s i t y  a re  expected t o  form d i f f i c u l t  t o  remove p l a s t i c  and mol ten s lags more 
r e a d i l y  than o t h e r  f u e l s .  

t he  measurements a r e  t ime consuming and expensive and the  temperature a t  c r i t i c a l  
v i s c o s i t y  i s  u s u a l l y  est imated u s i n g  emperical formulae. For  instance,  Watt and 
Fereday (10) developed 

The temperature a t  c r i t i c a l  v i s c o s i t y  can be measured i n  a viscometer, b u t  

TE = d&+ 150 i n  OC 

where S i02  + + Fez03 + CaO + MgO = 1 2 ) .  
and m = 0.835 Si02 + 0.601 Ai203 - 0.109 3) .  

c = 4.15 Si02 + 1.92 Ai203 4 ) .  
The temperature a t  c r i t i c a l  v i s c o s i t y  probably  does n o t  adequately p r e d i c t  

s lagging behavior  o f  t he  s i x  European brown coa ls  o f  t h i s  s tudy.  The q u a l i t a t i v e  
r e l a t i o n s h i p  between depos i t s  formed i n  a b o i l e r  and t h e  temperature of c r i t i c a l  
v i s c o s i t y  est imated by t h e  technique o f  Watt and Fereday (10) i s  shown i n  F igu re  
l a .  The data appear t o  c o r r e l a t e  w i t h  observat ions,  b u t  p r e d i c t  improved per for -  
mance a t  an i n te rmed ia te  temperature o f  c r i t i c a l  v i s c o s i t y .  
f o r  t h i s  and the c o r r e l a t i o n  may be f o r t u i t i o u s .  

ab l y  does n o t  c o r r e l a t e  t h e  s lagg ing  data e i t h e r .  
t o  a c i d  r a t i o  appears t o  c o r r e l a t e  the  p r e d i c t i o n  o f  performance o f  brown coa ls  
i n  b o i l e r s .  
r a t i o  o f  0.3. This  i s  q u i t e  p o s s i b l e  wi th t h e  fo rma t ion  o f  e u t e t i c s .  However, 
comparison o f  F igure l a  and l b  shows t h e  curves a r e  reve rsed  and t h e  p r e d i c t i o n  o f  
performance o f  a l l  t h e  f u e l s  f a l l  i n  t h e  same r e l a t i v e  p o s i t i o n  on bo th  curves. 
This again leads t o  u n c e r t a i n t y  as t o  t h e  reasonableness and t h e  r e l i a b i l i t y  o f  
t h e  c o r r e l a t i o n s  i n  F igu re  1. 

t h e  f u e l s  i n  the  b o i l e r s .  

by A t t i g  and Duzy (11). 
CaO + MgO b u t  i s  a p p l i e d  t o  a l l  ashes i n  t h i s  study. Only two o f  t h e  ashes' i j  
t h i s  study have Fe2Og)CaO f MgO. L e i p z i g  has about equal amounts and Nordbohmen 
has g rea te r  Fez03 than CaO + MgO. The base t o  a c i d  r a t i o  (shown i n  F igu re  2a) i s  
recomnended t o  c o r r e l a t e  s lagg ing  behavior of ashes w i t h  CaO + MgO>Fe 03 (11) .  
F ive o f  t he  fue l s  c o r r e l a t e  reasonably w i t h  Rs b u t  t h e  s lagg ing  o f  Norzbohrnen was 
g r e a t l y  underestimated. However,, t h i s  f u e l  was t h e  o n l y  one wi th s i g n i f i c a n t l y  
g rea te r  Fez03 than CaO + MgO and.might n o t  c o r r e l a t e  wi th t h e  o t h e r  f i v e  f u e l s .  

f ac to r .  
def ined as: 

No reason i s  known 

The base t o  a c i d  r a t i o  i s  the reverse o f  t h e  p rev ious  r e l a t i o n s h i p  and prob- 

This r e l a t i o n s h i p  p r e d i c t s  optimum performance a t  a base t o  a c i d  

F igu re  l b  shows t h a t  t h e  base 

The standard s lagg ing  f a c t o r ,  Rg, cou ld  n o t  c o r r e l a t e  t h e  performance of a l l  
The s lagging f a c t o r  i s  defined as 

Rs = 0/A * S 5). 
Th is  equat ion i s  suggested f o r  ashes which have Fe 0 > 

A good c o r r e l a t i o n  o f  a l l  s i x  f u e l s  was developed by mod i f y ing  the  s lagg ing  
The r e l a t i o n s h i p  i s  shown i n  F igu re  2b where t h e  s l a g g i n g  f a c t o r ,  f,, i s  

f, = 1.7 + 1.7 Si02* + 0.8 Ai2O3* - 6.0 (S)O$ke 6 ) .  
-2.2 (CaO* + MgO*) - 1.9S03* - 1.3 ( A l k P  

where fs = 0 is  s t rong  s lagg ing  
and f S  = 1 i s  no s lagg ing  

263 



and [ I* = r I* 
1- Si02 t SiOzcorr 

7 ) .  

Ci02corr = 823 rso3 2'65- exp (-9.45 rso3) Fe203 8 ) .  

9).  
%I.--. 

rS03 = 1-S102 
where S i s  the weight percent su l f e r  i n  the coal as received and a l l  other compo- 
s i t i ons  are weight percent of the ash. 

Predictions of Fouling Performance 
The fouling performance of the s ix  brown coals of this  study could not be ad- 

equately predicted by existing o r  new techniques. 
coals w i t h  CaO + MgO>FepO3 i s  usually predicted by the sodium content of the ash. 
Figure 3a shows the correlation of the qual i ta t ive  observation of fouling in 
boilers w i t h  the a lka l i  (Na 0 plus K 0 )  content of the ash. All the coals except 
Ungarn correlate with the  a?kali cedent of the ash. However, no explanation iS 
available fo r  the fouling of the Ungarn which had 0.0 a lka l i  content in the ash. 
A new fouling fac tor ,  f F s  

The fouling performance of 

( 7 )  was moderately successful, Figure 3b, i n  
correlating the fouling performance of coals. 
ex is t s  i n  the relationship.  

However, considerable sca t t e r  s t i l l  

P i lo t  Scale Prediction o f  Fouling and Slaqqing Performance 

the analysis of the oxides o f  ashes produced in laboratory apparatus has prompted 
the Technical University of Dresden t o  develop p i lo t  scale t e s t s  t o  predict slag- 
ging and fouling of ashes in boilers.  
which determine slagging and fouling charac te r i s t ics  of fuels not determined by 
current laboratory o r  other small scale t e s t s .  The f i r s t ,  determines the fouling 
and slagging of the fuel under d i f fe ren t  combustion conditions. 
the coal i s  burned i n  a small drop t u b e  furnace. The level o f  oxygen and the 
thermal environment of combustion are changed. The par t ic le  temperatures a re  
measured w i t h  thermographic techniques and the nature and deposition r a t e  evalu- 
ated. 
t i o n  history i n  boilers and avoids production of a n  a r t i f i ca l  mean ash. This 
technique does not account f o r  a s h  t ra jec tor ies  in boilers.  

mined i n  a second t e s t .  In t h i s  t e s t ,  the coal i s  burned i n  a small cyclone com- 
bustion chamber. 
history of ashes i n  boilers.  In addition, a cyclone chamber subjects the coal t o  
centrifugal forces, which allows the ab i l i t y  of the f l y  ash particles t o  follow 
streamlines to  be assessed. 

performance of European brown coals i s  currently being evaluated. 
su l t s  are promising. 

The limited success of predicting fouling and slagging performance based upon 

Two t e s t s  a re  currently being evaluated 

In this t e s t ,  

Such a technique can simulate the limits of the time temperature concentra- 

The tendency of ash to  follow streamlines o r  deposit on surfaces i s  deter-  

This chamber can a l so  simulate the l imits of time a n d  temperature 

The ab i l i t y  of these p i lo t  scaled t e s t s  t o  predict the slagging and fouling 
Preliminary re- 
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A& OVERVIEW OF MINERAL MATTER CATALYSIS OF COAL CONVERSIOK* 

Thomas D. Padrick 
Sandia National Laboratories, Albuquerque, NM 87185 

I 

INTRODUCTION 

Since the 1920's, several studies have focused on the catalytic 
effects of inherent mineral matter on coal conversion.l In recent 
years, we have witnessed an increase in the level of coal research 
and the development of new coal utilization processes. In parallel 
with this activity, there have been reports on the effects of coal 
minerals on coal liquefaction, coal gasification, in-situ coal 
gasification, and other areas of coal This 
overview will deal primarily with recent results of mineral matter 
effects in coal liquefaction and coal gasification. The terms 
minerals, mineral matter, and ash will be used synonymously. An 
attempt will not be made to review the effects of all classes of 
minerals, but will only consider those minerals which have shown a 
large effect on coal conversion processes. A good review of the 
specific minerals present in a variety of coals can be found in the 
work of Gluskoter et a1.6 

COAL LIQUEFACTION 

The Germans used coal liquefaction on a commercial scale from 
1930 to the end of the second World Uar. They found that a catalyst 
could enhance liquid yields and help remove heteroatoms. The 
Bergius process used an iron oxide-aluminum catalyst at a 2-3% by 
coal weight concentration. 

In recent years, it has been realized that mineral matter plays 
an important role in coal liquefaction, 7t8. 
of the added catalyst in the Bergius process. Several experimental 
techniques have been used to study the effects of minerals on coal 
liquefaction and to identify the specific catalytic phase.1° Most 
studiesllnl2 strongly imply that the iron sulfides are the most 
active species, and the other minerals appear to have little effect 
on enhancement of liquid yield or quality. 

The specific role of pyrite (FeSZ) as a catalyst has been 
under investigation since pyrite was identified as the most active 
inherent mineral for coal liquefaction. Under liquefaction 
conditions, FeS2 is transformed into a nonstoichiometric iron 
sulfide, Fel-XS (0 < X < 0.125). Thomas et a1.13 studied the 
kinetics of this decomposition under coal liquefaction conditions, 
and concluded that the catalytic activity of FeS2 is associated 
with radical initiation resulting from the pyrite-pyrrhotite 
transformation. 

Several studies have investigated the possibility that defects 
in the pyrrhotite structure provide the sites for catalyst 
activity. A recent study14 found a linear correlation between the 
conversion to benzene or THF solubles and the atomic percent iron in 

similar to the role 

* This work supported by the U. S. Dept. of Energy at Sandia 
National Laboratories under contract no. DE-AC04-76DP00789. 
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the liquefaction residues. Montan0 et al.15 used in situ 
M6ssbauer spectroscopy to study transformation of ES- 
Fel-XS. 
reaction temperature (above 350°C). 

particle sizes, pyrite defects and surface areas on coal 
liquefaction. They observed no effect due to surface area and 
concluded that the observed particle size effect was due to 
diffusional limitations in the transformation of pyrite to 
pyrrhotite. 

While many studies inaicate that pyrrhotites are probably 
involved in the liquefaction process, the exact mechanism by which 
pyrrhotite cat'alyzes the conversion of coal to oil is not clear. 
Based on the works of Thomas et al.13 and Derbyshire et al.,ll 
one can suggest that a possible role of pyrrhotite is as a 
hydrogenation catalyst. However, more work is necessary on the 
surface properties of the pyrrhotites and the interaction with model 
compounds before a definite catalytic mechanism can be proposed. 

They observed a large pyrrhotite surface area at the 

Stohl and Granoff16 investigated the effects of pyrite 

COAL GAS I FI CAT I ON 

The gasification of coal involves two distinct stages: 
(1) devolatilization and (2) char gasification. Devolatilization 
occurs quite rapidly as the coal is heated above 4OOOC. During this 
period, the coal structure is altered, producing a less reactive 
solid (char), tars, condensible liquids and light gases. Nominally 
40% of the coal is volatilized during this period. The less 
reactive char then gasifies at a much slower rate. We will discuss 
the effects of coal minerals on both devolatilization and char 
gasification. 

devolatilization of coal (heating rates approximating process 
conditions) .17818 Recently, the effects of coal minerals on the 
rapid pyrolysis of a bituminous coal were reported by 
Franklin, They found that only the calcium minerals 
affected the pyrolysis products. 
tar, hydrocarbon gas and liquid yields by 20-30%. The calcium 
minerals also altered the oxygen release mechanism from the coal. 
Franklin, etal. attribute these effects to CaC03 reduction to 
CaO, which acts as a solid base catalyst for a keto-enol 
isomerization reaction that produces the observed CO and H2O. 

investigated the reactivit 
in air, C02, H2 and ~tearn.$O-~3 
linear correlation between reactivity and CaO content in the ash. 
They also observed an increase in reactivity with MgO, up to about 
1%; They found no correlation between reactivity and iron content 
or total K or Na content. In their studies on hydrogen and steam 
gasification, the Penn State group used coals demineralized by acid 
washing to study mineral matter effects. While changes were 
observed in these studies, it was difficult to attribute these 
changes to catalytic effects or physical effects. 

had a beneficialcatalytic effect on hydrogenation at 57OOC. 
suggested that the catalytic activity was due to pyrrhotite 
formation. HGttinger and Krauss25 reached a similar conclusion 
concerning the catalytic activity of pyrite, and concluded that 

A large volume of work has been reported on rapid 

Addition of CaC03 reduced the 

Walker and co-workers at the Pennsylvania State University have 
of a variety of coals during gasificaton 

Hippo and Walker21 found a 

Mahajan et al.24 observed that the presence of pyrite in coal 
They 
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above 85OoC, iron enhanced the methane formation if the H2 
pressure was sufficiently high. 

rate of a Pittsburgh Seam coal at 1000°C when various . 
iron-containing minerals were mixed with the coal. They 
investigated the chemical effect of the minerals by measuring 
H2/D2 exchange rates, and also determined the physical effect of 
the mineral addition on the resultant surface areas and pore volumes 
of the chars. While the correlation of 1OOO'C hydrogasification 
rates with measured parameters was somewhat better including the 
chemical effects of the minerals, it was concluded that the 
gasification rates for the various sources of reduced iron were 
primarily due to the physical iteraction of the minerals with the 
coal. 

Padrick et a1.26 observed enhancement of the hydrogasification 
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